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DURING INHALATION EXPOSURES 


Dolores E. Malek, Ph.D. 
University of Pittsburgh, 1987 


Previously the toxicity of fire smoke has been examined primarily 
in sedentary animals and lethality was noted. The evaluation of escape 
potential from a toxic environment, however, requires the measurement of 
sublethal responses in active animals that are escape predictive. To 
address this need the mouse track model and the guinea pig, ergometer 
model have been developed. 

The mouse track model was a ventilated "S" shaped exposure 
system. Performance was evaluated by two sublethal responses, distance 
traveled/time and incapacitation. At seven concentrations of CO (2500- 
7200 ppm) and four concentrations of HCl (1095-2095 ppm) mice were 
evaluated and compared to control mice. Performance was impaired within 
two min for both CO and HCl at all concentrations tested. A novel 
feature of the mouse track model was its ability to detect an early 


deterioration in performance before incapacitation and death. 


ii 


The guinea pig ergometer model was designed where a 4.9L exposure 
chamber enclosed a motor driven rubberized wheel. A guinea pig ran the 
surface of the wheel according to a 55-minute protocol. Distance 
traveled before incapacitation as well as respiratory frequency, tidal 
volume, oxygen uptake and carbon dioxide output were measured in control 
animals and groups of guinea pigs exposed for 30 min to 2,200 or 8.290 
ppm CO. The distance traveled was noted in individual animals exposed 
to HC] (411, 530, 572, 591 or 652 ppm). Six groups of sedentary animals 
ee exposed for 30 min to CO (5,700-19,000 ppm). 

From the evaluation of CO and HCl, the toxicity of a given exposure 
condition increased with exercise. Compared to the guinea pig, the 
human is twice as sensitive to CO and at least as sensitive to HCl. 
Extrapolation of exercising guinea pig data to human was similar to 
theoretical models that predict human response to CO. Humans were 
estimated to progress five times the distance of the guinea pig at a 
Similar level of toxicity for CO. 

By distance traveled and incapacitation, the guinea pig ergometer 
model can evaluate pure gases, mixtures, and products of combustion. 


This type of data is critical to fire smoke toxic hazard evaluation. 


it 


hl a. v ia @ ry — 
i ea : - : 6 ‘ 
a fi as oa! _ ia a a 
; - > - 


° { 
: : ih on 


ogre Jt.» 6 sre banphesb shy (som se tamopsa. era a7 
git nex ptg sentup A .iaoty port asddut nev tyb rotom 5 ‘eonknn 


> 
- 


5 Oe ee 


o= 
oy 


sanatzt0 ree afuntm~ee 6 oF gntbr0308. footw ony Yo" a8 


abti .¥ oneupa7? yrodey tee of, Tiaw 25 nottesttosqsont arotae nel 


oninoga af bewesem 9 78w sug iva Poise lh nad PENT” 


O°$.8 +0 O00S,S of 0 7, bezogxe. 2pF Yo 2quo 
2 10 WUS,5 oF nitm Pit bai feat De RE ORM CE. OF pep Hage 


caxa efemtns teubtvibnt at baton esw bal event eonstetb ent 
aa, WIRING INMALATION EXPOSURES 


sming ysinebe2z to equotp xr2 .(mqq $20 40 ‘poe sta .0f2 fh) 7 
(mag 000, ¢L-00%,2) 02 of atm 06 OF bezogum | 


syp2cexs nevip 6 to yitotxo? sn LH Dns 2, unt Ba on? cor 


ofa sentup eng ha samo. at 784 airy pan t nole 
: ’ 2 "er - 3 Be tsourgh 60" 
i! te bos OD o3 obisienss es sotwd ot a 


ot aelinie 2gw femur of ofsb pla gentuy pateroaxs no? eT 
Provious ly the | Sth ‘ire swoke Wag eke 
i3 


Sw 2nemul 0) oS senogeat name gotoorg tec? oe [ 


PrTliLary af 74s 1t¢ r@tna ii y Was WAR Sar 


6 te pte ssntup sy to sonpdeth ant somid FORWAR Peorgog 09 
f ry 2 } . f . ¢ i Jer 7%, iy . "i it th res 


.09 10% ydtotxod to fovet 
nsec fn active animals Ghat are egcape 


Pp! Hn pentup sr 2 MD. 16° i a ag bia bsfovs* ennszetp 
ac Pay] MOUS At iwiet af Le gula® 


2 UCM, FO. 27 upg 7g Dis, za susKeM ,2826p sua aseulsve Aso ; 
a | Lave ‘vo } OU 


no tssuT Rye b wS6qd 9! hO3 gromne 2 pts oy feoteiys af sipl hit 

¢ $ A vent lated . 

mance was evaluated by two sublethal respe 

-yvelecchtmse att favamacitatiagn, At seven concentrations 

ea) “ cancectrattons of HC) (1096-2095 cml 
eveluated aud compared te outed) mite, PeMtoreeare wag lg 4 
min for beth (CO gid Oo? @ @ Sarees &. we tay i, 

ure rt wuse Crit Gee. ame ‘Sy wi ity to dete 4: 


ster icve! On in performante befure ScmRaditation and Cesth, 


i ae 7 a) 
eo ite Siew a 


ty 


A 0 tie 
pe yo a pad emo ie 


Pe 


. . 


ha ad 
ro) 


ak olsM 


Sati Merumdar , 

a yvodan toed to Sing 
Assoc late. Profesor 

pestdon! Fo tneat169 

rtment of Siostat iatics 

stad AT{soH 


“Graduate Schoo? of Public healte 
Edu Yo foonoe eisubsxd = |.” 


u , 


Pa 


P zr, rz 10 ibertsons PhO. 
es isons y pte 
2) Aesat Ae Professor 
eee peu TbA 
at of Health, Faysital and, Peoreatians| Sducet tan 
Been Tet: evbay to Insmi sa 
ma Scheel. of Educatian 
) peanets2 Aziser 


Sifdu ¥o foorls2 asevbs1d 


iain 3 26mor'T 
bent mq sipizoz2A sonutbA 

nt wna ‘Is tadevbnt ba tnamt6q50 
te en 


I am grateful to the five members of my dissertation committee for 


their guidance during the course of this research effort. 


Yves Alarie, Ph.D. 
Major Advisor 
Professor of Respiratory Physiology and Toxicology 
Department of Industrial Environmental] 
Health Sciences 


Graduate School of Public Health 


Craig S.. Sarrow,. Ph.0- 
Adjunct Associate Professor 
Department of Industrial Environmental 
Health Sciences 


Graduate School of Public Health 


Thomas —E. Bernard, Ph.D. 
Adjunct Associate Professor 
Department of Industrial Environmental 
Health Sciences 


Graduate School of Public Health 


Sati Mazumdar, Ph.D. 
Associate Professor 
Department of Biostatistics 


Graduate School of Public Health. 


Robert J. Robertson, Ph.D. 
Associate Professor 
Department of Health, Physical and Recreational Education 


School of Education 


Wid 


Acknowledgments 


This work was supported by Research Grant No. 60-NANB4001 from the 
National Institute of Standards and Technology, Barbara C. Levin, Ph.D., 
Project Officer. The conclusions are those of the author and not of the 


National Institute of Standards and Technology. 


Wak Sak 


The typing and editing of this manuscript 
was done by Mrs. Linda Kalcevic 
with the assistance of Donna Harrington 
Dept of Industrial Environmental 
Health Sciences 


Graduate School of Public Health 


The Guinea Pig’ Ergometer 
was designed and constructed by 
Mr. James Grech, 
Dept. of Mechanical Engineering 
School of Engineering 
University of Pittburgh 
with special assistance from Mr. Sam Bradley, 


Carnegie Mellon Institute 


Their efforts were greatly appreciated. 


ip. 


Page 
ABSTRACT <5. anen Be ee scoke\ cia qucteiete rela chu Statens Ree sles «oe Sie. ale cetene os octets ii 
FORWARD....:<:0's 0's serole'erepesesenecpenoys queispucecege e's sieteeninisiaicls «0 ©»: «1s ¢'ere/e1 een iv 
T.. “INTRODUCTIONS 0c .rccor. l/s slois « ele etatoleale sratolelets «lel o ofetd”s lo sepit men 1 
A. Toxicity of Fire Smoke......0.. ols oje e 0 so 6 56,6 ole tent ene ees | 
B.. Major Constitutents of Fire Smoke. ......... cs cicssenenen 2 
C. Models to Study the Effects for Fire Smoke........... AAA i 
D. Proposed New Approaches 2.0... 2.550 c eco sree at eee 14 
TI... METHOOS” AND MATERIADS fimce's cass «sc «> clec cticinieuishisis nanan 63 9 ae 
A. Chemical’ TOxtcante ov oes cers 0c cces sees cece ou then 17 
B. Animal Source and Pre-Exposure Handling.....ccccccccceees Posh; 
C. Guinea Pig Ergometer/Exposure Chamber............ a cnereeeeme 18 
D. Exposure System for CO and Measurement of Physiologic 
Events During Exercise and Sedentary Exposures.........ee. ea 
E. Exposure System for HC] Exposures During Exercise......... 24 
F. Animal Training for CO and HC] Exposures During Exercise... 26 
G. Sedentary Exposures... ..0.. 0500 ects eee es aces cle en 28 
Li. cAir Contra) 255 oo aie s . ale cie'setere « sreteecemieie e's sateen 28 


TABLE OF CONTENTS 


HER 


A hes 


eoeeeeeeveeeeeeeeeeeeee eevee ee ene 


eeoeeteeeeeeeeeeveeeeeeeeeeeeed 


HW PEO UC Seam Utat GME ACYChS.6 stare y's" c:y' ale sha at's aie e's en's os eintelosiete’ ic 
UR MP OLIL ONPeEy ire ce tO 0 ae sic)s'e o's o s'ele 0 cjcte'o'e-e ose cee ao 
GCG IMM RTI's ercle SNCS. oe cee es tah eee ess statis sees 
Sho Tele cco Sle yal I 8 Sa ee aL) aed a 

TRE ACOMAUL ONY SiGe bm. Y Sete Unies 0 eee Meee UR cess eevee 
MP ReESDindcony Racen(f ere. Sods Cais heh cece cece ee 
Seem adeVo humedi(i: Pie mune $ Sib csclarsutvielets sock scene eee 
3. Oo Uptake (VO>) Fe retam Mate, StGet NUE: cle cs ts +o « 
MMOD MROUUDUCHCVCOn)s ce tan «coc odeR EDGY «REM a s0s0cceeee. 
5. Distance Traveled During Running Exposures............ 

RES UMSMRRE Pepe 5d sntens,..20i%a in 22-ceRab Ppinrsey ss. 

A. Post-Arrival Weight Gain in Running vs. Non-Running 
PC OMENS LAG, 62 CIEL viele Hook ate eivine sbkehT OF cle +00 ec es ees e'e 

Dee eePacdLy EXPOSUY CSE 2 (ic, 2 SOE URES EWS .% EGS EGE 00006 
1. CO and Air Control Exposures in Normal Guinea , 

DiGSe time, 0G. 86 et Cons aus eT were OER. Gas FAG ss 6s 
2. %COHb Measurements From Normal and Cannulated Guinea 
OS Pee ne ee All Oe MEE ACE INES ON. 80% tS RE «eee 

Some DO SURe SEU UIT GmOXEIC) SOc. s cc cctece cies sceltie cies ecciee cleieielee ale 

Pe COTARG@ATTeCONCTOUREXPOSUBESe Ge reef . tle sleet sce e els 
RE ADOS UN CS cect te ialelate atte tisictere ele! cle sieiele cic ieic ec'elsivie =! 
3. Mean Distance Traveled During CO or HCl] Exposures..... 

DUS CLEMENS Tete evevclels cle cre lpie ola 6 aiale'a't ols" sie ie elaleis sluieraie oo o/s'e «0 6s 

A. Development of the Guinea Pig Ergometer...............e00- 

B. Significance of f,aP, VOo, and VCO> Measurements........ 


xa 


Page 


28 


C. Comparison of Sedentary Exposures and Exposures During 
EXErC1SE. s+ scans ec alqeime ole eaten os co Ame cieigic « 6)0 oot) een 65 
1. Air Control, Sedentarny...... «- a... ccs + sae «6 eee 65 
2. CO Sedentary. ... <2 \s's ‘s/s ota. siasacohe abueiee cleie otetet ec eneran 69 
3. CO During Exercise. ........ <0. c1s ceuslcle aie oo cites nen 13 
4 HC ag eigrctets afc c sss 0'ele'e o's piare:clsee re gigeebememstels olen c ye tenn 76 
D. Comparison of Toxic Potency of CO vs HC]........ + seen 81 
E. Comparison of Sublethal Responses to Other Escape 
MOderISUE I etetercts c's ss o's ora Gra ss so eietem tite a aiieii eis se cosine A Oe 
F. Extrapolation of Findings in Running Animals to 
HUMANS S eertric cc's cc ccc cc 6 ole onmpheleceisicusinin «ata cls age) «iy = ciaie nnn 84 
G.. Suggestions for Future Studies... ck. = on oo seen 93 
V. CONCLUSIONS. ticle <<. os s:emsc agate Saat Nie ea ésJoetatne 94 
APPENDIX A: Analytic Procedures for CO and HOT re « os 0:0 «\6 bre bislete nen 96 
APPENDIX B: Exposure Chamber Volume and Concentraton- 


Time: Equidabrium: Calculations .%. 2.2... <5 este crea 106 


APPENDIX C: Calculations of Nominal Exposure 


APPENDIX E 


APPENDIX F 


Concentration: Of4 CO... << o- <0 sin efels «+ shislw 6 ole one 110 
APPENDIX D: Surgical Procedure for Fitting a Carotid 
Artery Gannulasin the Guinea Pig... .. 5... . = sien 112 
: Analytical Method for %COHb Measurement 
TN THE GUINCABE Nie. cise «np 0 oss ees aires «+ ayes een 116 
s  NMOUSE “TRACK MOG eo no. oo wean ize steueientrt. dausue ¢ © ol een 122 
Pr toe Oe hie OEE ROH Be 134 


REFERENCES 


pep tas 


Table 


10. 


ie 


LIST OF TABLES 


Accumulated doses (Ct products) of narcotic gases 
associatedawithmincapacitation., .cusnaten » sles bee tot 
*COHb and associated symptoms in humans............. 


Baseline values for respiratory rate, tidal volume, 
00 uptake and me output for each group of guinea 
pigs prior to sedentary exposures to carbon monoxide 


Percent incapacitation and death and time to effect 
for groups of guinea pigs exposed to carbon monoxide 
while sedentary and during exerciSe........cecececee 


Baseline values for respiratory rate, tidal volume, 
00 uptake and CO> output for groups of normal 

and cannulated guinea pigs prior to sedentary expo- 
SUMP CMEOMCAEDONETIONOXICC. .occcg cess cece tsccsssccces 


*COHb at S-incapacitation and death and time to 
effect data from sedentary, normal and cannulated 
guinea pigs exposed to carbon monoxide.............. 


Baseline values for respiratory rate, tidal volume, 
00 uptake, CO> output for each group of guinea 
pigs prior to carbon monoxide exposures during 
SEO oo seat BEA eee eee Ae ee 


Approximate time (min) to effect during hydrogen 
chloride exposures while exerciSing..........seeeees 


Ventilatory variables and oxygen consumption in 
DOW DOTRGmANGEAdUT Ce MaMMalS case's « oo ss tise slele sc nese ee 


eeeoecevee eee 


eeeeeeeeee 


eeoeeoevee eee 


Differences in lethal levels of COHb in different species 
and the CO exposure concentrations necessary to produce 


BNOS GMC MEMS ME Tele tle ic aes ttt clo coe cicie eis kL ale 


Extrapolating results to humans for incapacation 
due to CO during exercise in guinea pigs and 
comparison with predicted values in humans.......... 


Standard chloride solutions and corresponding 


absorbance values for a typical hydrogen chloride 
COMDIAL Omen ay mtr eT Tae ete hele bie cic sttteteretetiTae tie ee. « 


pai ial 


eeeeveee7e8e @ 


45 


46 


49 


50 


60 


66 


90 


E-1 Carboxyhemoglobin standards for the analysis of guinea 
PEG *DIOOM. . er, wa ae cine ssc ee tacts a cite enttersiiareatste ¢ sisters s/s) nnn 


RLY 


LIST OF FIGURES 


Figure 


ius Guinea pig ergometer/exposure chamber used for exposure to 
air (control), CO and HCl during exercise. Guinea pigs ran 
at speeds ranging from 0 to 18 rpm (0.0 to 1.59 km/h), in a 


KE yStone Snapear plexiglas: chamber. <2. 36% oe sc ccc eealowew ends 


is Side view of the guinea pig ergometer/exposure chamber....... 


3 Guinea pig ergometer system used for air control and CO 
exposures during exercise. The enclosed ventilated 


ergometer functions as a whole body plethysmograph........... 
4. System for HC] exposures during eCxerciSe......cccecccccccvees 
= PEOLOUO Ie LOM oecer Cl SUNGUGUINCASDITGS wt. Atle avehelels clots sted a ce shes 
6. Sedentary guinea pigs were exposed to CQ according to 

RIM AR e ) NE ic foc ois eves co's ticisce te cs eles cttisie s.c eo iececelditic.s «ofc 62 


7s Weight profile of guinea pigs that were sedentary (non- 
runners) or that were trained to run (runners, 15) in 


PoemeemmemarserOrlOWING their aVriVdal...cccsccccesccceccccts 


oh Physiologic measurements during 30 min sedentary air con- 
troland 19,000 ppm CO exposures followed by 15 min air 


PO RING Stein Tage si¢ 9.0 © 9:0. = 9 © 6.6.0.4) 0. 0).6:9.0,%: hth ei.0 0.5 Shens) obs djeje oe ceo cece s 


9. Physiologic measurements during 30 min sedentary air and 


17,500 ppm CO exposures followed by 15 min air recovery...... 


10. Physiologic measurements during 30 min sedentary air contro] 
and 16,000 ppm CO exposures followed by 15 min air 


GECONGIV TION Ae. REE Goh . luk. GACME RAs. deotitekicbh SGRh . cls 


ll. Physiologic measurements during 30 min sedentary air 
control] and 14,500 ppm CO exposures followed by 15 min 


abe TATU ae A ee ee ee ey eNe eP ee ee eee eee 


12. Physiologic measurements during 30 min sedentary air control 
and 8,700 ppm CO exposures followed by 15 min air 


RECOVERY AM steledcvols ois: asereitroiere 0 elo sjéiaiele wininye ole ele oleiclew esis sc ce sice atts 


XV 


Page 


13; 


14, 


ae 


16. 


Wn 


Zoe 


1) 


20. 
Zin 
(ase 
£3. 


A-1 


A-2 


A-3 


E-1 


Page 


Physiologic measurements during 30 min sedentary air control 
and 5,700 ppm CO exposures followed by 15 min air 


VECOVERYasalates. Sttee sede. fer. the Beate te Gk cee Pee ts: 43 
Concentration/response relationship between exposure 
concentration of CO time to S-incapacitation..........ceseeeee 47 
Physiologic measurements during 30 min air control 

exposures and 8,290 ppm CO during exercise.......ccccceccccces Sl 
Physiologic measurements during air control and 

2,200.pom CO. during. EXercise. «i... + seurilnce obs pis © aie bint «00 ee 33 
Physiologic measurements during air control and 

2,200 "ppm CO during @xercisSe. ... 0.0 .eicels sec oe os ois sient ac 
Physiologic measurements during air control and 

2,200 ppm CO during exercise... ....005s08 © 5 emesis tee ae 54 
Physiologic measurements during air control and 

2,200 ppm CO during exercise... 2.0. «cs «m5 0 simalsie fabeeiete ene 55 
COHb .vs % decrease in work time and VOos.,...ssevnis s< senenn 3s 
VOo increases with speed of running..... "20,9 pole palaie 46 oles amma 37 
Cost. OF UNMING. wae «c/n 00,0 0 0.0,0:5 0,050.5 ales) e pres tinal scien 89 


Calculated distance traveled for humans as a function 
of time at different levels of inspired CO (ppm).............. 92 


Calibration curve for CQ measured by Miran infared analyzer... 99 


Sequence of reagent additions and reactions involved with 
the analysis of HCl by the Osterreiche Stickstoffwerke 
method "(Leithe ~T97T yo. ore oes ecco ce ce acs.c 6 crasscs 103 


Calibration curve for HC] assayed by the Osterreiche 
Stickstoffwerke method (Leithe, 1971) 2. Jc. ....ccecs . ss cree 104 


Calibration curves for %COHb for the guinea pig. Standard 
blood samples with known %COHb are plotted against the ratio 
of absorbence values at 539/554 and 539/570... 1... . 5. oe 121 


INTRODUCTION 


A. Toxicity of Fire Smoke 


Years of work have been dedicated toward attenuating the adverse 
effects of fire in vehicles of transportation, as well as commercial and 
residential structures. The enterprise has been complicated by the 
introduction of new, mostly synthetic materials into the built 
environment. At a recent meeting* at the National Bureau of Standards, 
the most recent multicomponent fire modeling techniques were described 
to predict the fire hazard to human occupants of burning buildings. It 
was obvious that data were lacking which was relevant to the performance 
of occupants while escaping. 

Many approaches to toxicology, including the relatively new area of 
research on the toxicity of smoke from burning materials, have utilized 
lethality as a response end point (Alarie and Anderson, 1981; Levin, et 
al., 1982). Lethality is an effective measure for making comparisons of 
toxic potency among a wide range of substances without regard for 
mechanism and sites of action (Casarett and Doull, 1980). To better 
elucidate mechanisms of action and determine concentrations of fire 
smoke that do not necessarily produce death but rather sublethal 
effects, it would be useful to study performance and escape potential. 
If escape capability is inhibited, the victim can often be considered 


"as good as dead" since a rescue is required for survival. In addition, 


rr 


Gin. 
Annual Conference on Fire Research, Center for Fire Research, National Bureau 
of Standards, November, 1986. 


regardless of observed lethality or sublethal effects, most fire smoke 
toxicity data is based on inhalation exposures to inactive animals 
(Alarie and Anderson, 1981; Levin, et al., 1982). Those individuals 
escaping from a fire are not sedentary but are working to escape, and 
have an increased metabolic level due to psychological, emotional and 
physiologic factors. Fire smoke inhalation toxicity data from active 
animals during escape and predictive of sublethal responses, are 
imperative for an effective assessment of fire toxic hazard. 
B. Major Constituents in Fire Smoke 

The two major toxic constituents of fire smoke are the asphyxiants, 
such as carbon monoxide, hydrogen cyanide, and decreased oxygen and the 
irritants such as hydrogen chloride, acrolein and formaldehyde. Various 
animal behavioral models have been developed to investigate sublethal 
responses to combustion atmospheres or to specific. asphyxiating and 
irritating gases of such atmospheres (Table 1). In most of these 
models, animals were trained prior to exposure to perform a specific 
task. If, during the toxic exposure, the animal fails to perform this 
task or fails to perform it within a designated period of time, it is 
deemed “incapacitated." The state of incapacitation is intended to be 
predictive of escape in each of these model designs. 
C. Models to Study the Effects of Fire Smoke 

The leg-flexion shock avoidance response was originally used for 
fire smoke toxicity studies at the University of Utah (Packham, 1974) 
and during the development of the National Bureau of Standards smoke 
toxicity test (Levin, et al., 1982). In this model, rats were trained 
prior to exposure to avoid shock by keeping their leg flexed and raised 


above an electrified plate. During a toxic exposure if the rat failed 
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to avoid the shock, it was considered to be incapacitated. In pure gas 
studies, concentration (C) times time to incapacitation (t) (Ct) data 
have been established for the asphyxiants carbon monoxide and hydrogen 
cyanide (Hartzell, et al., 1985; Kaplan, et al., 1984). 

The incapacitating effects of Copuetien atmospheres have also been 
investigated with the use of motor driven activity wheels. The Federal 
Aviation Administration (FAA), McDonnell Douglas Cor poration and U.S. 
Testing Co., have used such a method. Both the FAA (Crane, et al., 
1977) and the University of Michigan (Boettner and Hartung, 1978) have 
Studied the effects of carbon monoxide on rats under such conditions. 

Activity wheels that were not motor driven have been adopted by the 
Japanese to assess "collapse" in mice exposed to various combustion 
atmospheres as well as pure gases and gas mixtures (Sakurai, T., 1986, 
Kishitani and Nakamura, 1979). Tepper, et al. (1985) used a similar 
model to test the irritants ozone and ammonia; however, incapacitation 
was not examined but rather overall changes in rodent (mice and rat) 
running activity. 

Another model that has been used to study Sublethal effects of 
inhaled combustion atmospheres and pure gases is the pole-climb 
conditioned avoidance/escape test (Parent, et al., 1979; Dilley, et al., 
1978) which was developed at SRI International. This uses a conditioned 
avoidance response (CAR) before and after exposure to monitor 
sensorimotor performance. A rat is required to climb a greased pole in 
order to avoid or escape shock delivered from a grid floor below the 
pole. Failure to escape shock reflects a state of incapacitation. 

Investigators at the University of Michigan (Hartung, et alee. 


Boettner and Hartung, 1978) used a rotarod performance method to assess 


sensorimotor deficits in rodents exposed to combustion products and 
carbon monoxide. Animals in this model are required to balance on a 
motorized rod. During a toxic exposure, a fall from the rod and failure 
to remount the rod in a_ designated period of time reflects 
incapacitation. 

Investigators at the Southwest Research Institute have studied the 
effects of carbon monoxide and hydrogen chloride on both rats and 
baboons, as well as the effects of acrolein on baboons (Kaplan, et al., 
1985). A commercially available shuttlebox was used to evaluate escape 
cabability in rats exposed to toxic environments. The shuttlebox 
consisted of two identical chambers separated by a motor-operated 
partition. A rat was considered to have escaped from a _ toxic 
environment when it pressed an appropriate lever after being cued by a 
conditioned stimulus (tone), avoided shock and moved to a toxicant-free 
side of the shuttle box. The larger scale escape performance paradigm 
for the baboons was similar to that used to evaluate the rat; however, 
the primates were required to discriminate between colored lights and, 
select and press the appropriate lever for escape. 

The mouse track model has recently been developed at the University 
of Pittsburgh (Malek, et al., 1987). In this model, mice were trained 
to run in an air ventilated 150 foot "S" shaped tubular exposure track 
and their individual distance traveled per unit of time was recorded. 
The tube system was then equilibrated with a known concentration of 
toxicant, and the mouse was reintroduced. Not only was the occurrence 
and time of incapacitation recorded but also distance traveled/time, a 
sublethal response uniquely assessed in this model. This system was 


used for the evaluation of carbon monoxide, low oxygen, and hydrogen 


chloride. An overall deterioration in running performance could be 
observed during toxic exposures compared to air controls. 

Other models that measure behavioral change, . although not 
incapacitation, during exposure to components of fire atmospheres 
include the irritant escape model of Wood (1979) and escape activity 
model of Matijak-Schaper and Alarie (1982). Wood (1979) quantified the 
escape response in mice exposed to ammonia. These animals prevented 
their exposure by breathing available humidified dir or responded by 
actually terminating the delivery of ammonia. Matijak-Schaper and 
Alarie (1982) developed a model where mice were placed in a body 
plethysmograph, and escape activity as well as respiratory pattern 
(indicative of irritation, asphyxiation or death) were analyzed. Escape 
activity was defined in this model as movements of the mouse within the 
plethysomograph that produce rapid and high amplitude changes in 
pressure. ‘The effects of the asphyxiants carbon monoxide, hydrogen 
cyanide and low oxygen were examined in this model. Although body 
movements were monitored and valuable respiratory responses were 
evaluated, exposures were to sedentary animals. | 

All of the animal models described, including the more recent fire 
smoke escape models of Kaplan, et al., 1985 and Malek, et al., 1987, 
have varied in their sensitivities to evaluate asphyxiants versus 
irritants. 

Most fire fatalities due to smoke inhalation have been attributed 
to carbon monoxide poisoning (Halpin, et al., 1978). Carbon monoxide 
exerts its toxicity by interfering with the oxygen transport function of 
the blood by combining with hemoglobin (Hb) to form carboxyhemoglobin 


(COHb). Its affinity for Hb is approximately 240 times compared to 


oxygen. In addition to reducing the oxygen carrying capacity for Hb, 
the presence of COHb interferes with the unloading of Oo (West, 1979). 
Most of the animal models described respond well to the asphyxiating 
effects of carbon monoxide. Animals, regardless of model used, are 
incapacitated at a Ct value of approximately 35,000 ppm.min (see Table 
1) depending on species of animal, its weight and level of activity 
(Kaplan and Hartzell, 1984). Mice are incapacitated at a lower Ct range 
(17,000 - 25,000 ppm.min) in the mouse track escape performance model 
(Malek, et al., 1987). This is to be expected since CO uptake in mice 
is faster than in humans given the same environmental conditions 
(Haldane, 1895). Respiratory minute volume (Ve) is higher as a function 
of body weight in mice, therefore, the loading of CO is further enhanced 
by running. 

The Ct value of 35,000 ppm. min seems to correspond to the Ct range 
likely to compromise human performance during physical activity. A COHb 
of 30-40% has been ae sociated with symptoms which include severe 
headache, ennui, dizziness, weakened eyesight, nausea, vomiting and 
prostration (see Table 2, Kimmerle, 1974). From human COHb saturation 
curves also presented in Kimmerle, 1974, a Ct value range of 60,000- 
75,000 ppm.min is associated with 30-40% COHb. This Ct range is for an 
individual at rest where Ve is approximately 6 L/min (DuPont and 
Freedman, 1983). If the same individual were engaged in moderate 
activity (Ve = 20 L/min) then 35,000-45,000 ppm. min CO exposure could 
easily produce incapacitation. With a further increase in Ve such as 
that associated with escaping from a fire, an incapacitating Ct may even 
be lower, comparable to the range determined for mice in the mouse track 


model (Malek, et al., 1987). 
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TABLE 2 


Symptoms in Humans 


None 
Tension in forehead, dilation of skin vessels 
Headache, pulsation in sides of head 


Severe headache, ennui, dizziness, weakening 
of eyesight, nausea, vomiting, prostration 


Same as above, increase in breathing rate and 
pulse, asphyxiation and prostration 


Same as above, coma, convulsions, Cheyne-Stokes 
respiration 


Coma, convulsions, weak respiration and pulse, 
death possible 


Slowing and stopping of respiration, death within 
hours 


Death in less than an hour 


Death within a few minutes 


Table from Kimmerle, 1974 


The asphyxiant hydrogen cyanide is a common combustion product, 
released from the thermal degradation of both natural materials such as 
silk, wool and gelatine and synthetic materials such as nitrocellulose, 
modified acrylic fiber, rigid and flexible polyurethane foam and 
acrylonitrile butadiene styrene (Levin, et al., 1982, Kimmerle, 1973). 
HCN is known to react with mitochondrial cytochrome oxidase c which 
prevents the utilization of available oxygen, and asphyxiation results 
(West, 1979). 

The foot flexion shock/avoidance model has been used extensively to 
investigate the incapacitating effects of HCN (Hartzell, et al., 1985; 
Kaplan, et al., 1984). From the curved portion of the Ct curve, 
incapacitation of rats occurs with accumulated doses in the range of 
1200 to 2700 ppm. min. (see Table 1). Death occurs approximately at a 
two fold difference in concentration and time. Mice are seen to be 
asphyxiated within the incapacitating porate of these rats by the 
respiratory pattern analysis model of Matijak-Schaper and Alarie (1982). 

Although current animal models have demonstrated a sensitivity for 
the asphyxiants, they are less sensitive to the irritants. The foot 
flexion shock/avoidance model (Packham, et al., 1977) was used, for 
example, to study the sublethal effects of the thermal decomposition 
products of polyvinyl chloride in the National Bureau of Standards (NBS) 
fire smoke toxicity test (Levin, et al., 1982). During the thermal 
decomposition process, hydrogen chloride (HCl) is released. HCl is a 
potent acid irritant known to cause damage to nasal mucosa as well as to 
the cornea and cause swelling and closure of the vocal cords which leads 
to suffocation in man (Flury and Zernik, 1931.) The investigators at 


NBS were never sure of the occurrence of incapacitation. During the 
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same exposure, time to incapacitation had a wide range of variation, and 
some rats actually died before others were incapacitated. In the baboon 
escape model (Kaplan, et al., 1985) the animals exposed to high 
~ concentrations of HCl (up to 17,290 ppm) and acrolein (up to 2780 ppm) 
were obviously compromised, coughing, gasping, yet were able to "escape" 
as defined by the model. In general, animals exposed to irritants are 
close to death when incapacitation occurs. For asphyxiant exposures 
there is an approximate 2-3 fold difference, both in time of occurrence 
and concentration, which produces effects between incapacitation and 
death (Hartzell, et al., 1985; and Kaplan, et al., 1984). This is not 
true of irritant exposures. 

A model dependent on respiratory pattern analysis (Matijak-Schaper 
and Alarie, 1982; Alarie and Anderson, 1979; ASTM, 1984) was found to be 
sensitive to many irritants including those found in fire atmospheres; 
but it is a non-behavioral model. Behavioral models that are sensitive 
to irritants and likely asphyxiants have been introduced by Wood (1979), 
Tepper, et al. (1985), and more recently by Malek, et al. (1987). The 
mouse track escape performance model proposed by Malek, ate (1987) 
is not only sensitive to asphyxiating CO and low oxygen atmospheres but 
also to the irritant HC]. In this model, animals exposed to HC] are 
fitted with tracheal cannulas prior to testing to eliminate the 
scrubbing capacity of the mouse nose for HCl and depoene the toxicant 
more directly into the lower respiratory tract (Anderson and Alarie, 
1980). Both of these respiratory modifications are likely to simulate 
human breathing conditions while running to escape. The incapacitation 
concentration range of HCl for mice is 951-2150 ppm, within the similar 


1000-2000 ppm HC] range reported to be dangerous and possibly lethal for 
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man within a short period of time (National Academy of Science, 1976). 
The mouse track model, therefore, demonstrates compromised performance 
in mice for carbon monoxide and HCl] at concentrations and times that 
have been reported to impair human escape. Aside from this positive 
feature, this model, in addition to an incapacitation endpoint, contains 
a "distance traveled/time" sublethal response, which is a behavioral 
task directly related to the escape process. Impaired escape 
performance may be observed within two minutes of exposure onset before 
the occurrence or  incapacitation and _ death. By the distance 
traveled/time approach, compromised performance can be assessed over a 
very short period of time at concentrations of toxicants found in fire 
environments without relying exclusively on an incapacitation 
endpoint. This is an important contribution to the existing set of 
animal models, particularly when investigating irritant exposures where 
the occurrence of an all or nothing incapacitation response has often 
been questionable, and where the animal is close to death should 
jncapacitation be clearly defined. 

Discussions at the fifth meeting of the Japan-United States-Canada 
cooperative study group on the toxicology of combustion products, March 
1986, have advocated a research effort to better define toxicological 
events influencing escape potential from time of onset of effect through 
incapacitation to death. A similar recommendation was made by the 
Committee on Fire Toxicology of the National Research Council in their 
recent report "Fire and Smoke/ Understanding the Hazards", National 
Academy Press, 1986. 

To elucidate these toxicological events, an approach is needed that 


measures performance changes which inhibit escape with simultaneously 
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occurring physiological changes. Although physiologic monitoring of 
test subjects during and subsequent to drug dosing is common in 
pharmacologic studies (Craig and Stitzel, 1982), less comprehensive work 
has been done in the area of toxicity of fire smoke. Studies of animals 
exposed to fire smoke or gases of fire smoke have primarily been 
monitored for abnormalities in respiration and blood characteristics. 
In the University of Pittsburgh combustion toxicity test (Alarie and 
Anderson, 1981) and other work at the University of Pittsburgh (Barrow, 
et al., 1976; 1977, 1978; Alarie, et al., 1980; Matijak-Schaper and 
Alarie, 1982), continuous respiratory pattern analysis of mice have been 
made. In these studies evidence of irritation, asphyxiation and death 
may be observed during exposure and recovery periods. Such analyses 
were accomplished by the use of a body plethysmograph in which pressure 
changes were measured during spontaneous respiration by mice. 

The pulmonary function of guinea pigs following exposure to smoke 
fron different materials was evaluated by a C05 challenge method 
developed by Wong and Alarie (1982). In this method, normal guinea pigs 
respond to 10% COs by increasing their breathing frequency by 
approximately 1.5 times and tidal volume by 3 times. The inability to 
respond to the COg challenge in this manner, by animals exposed to the 
thermal decomposition products of PVC (Wong et al., 1983) and wood 
(Wong, et al., 1984) and pure HC] gas (Burleigh-Flayer, et al., 1985) 
reflects evidence of pulmonary dysfunction. In these studies a whole 
body plethysmograph was used. 

Physiologic changes that occur upon exposure to combustion 
atmospheres and gases have also been observed by arterial blood sampling 


and assay. Routine measurements of COHb, pH, POs and PCO» were made 
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from cannulated rats during the development of the NBS smoke toxicity 
test "(Levin = eteral met ooc). Studies of this nature, using the 
cannulation technique and incapacitation model of Packham, have been 
done at the University of Utah (Packham, et al., 1977), Southwest 
Research Institute (Kaplan, et al., 1984) and Olin Corporation (Condit, 
et al., 1978). The primary purpose of these studies was to determine 
the level of COHb in the blood at the time of behavioral incapacitation. 

Incapacitation in rats was also associated with the physiologic 
onset of cardiac arrhythmias upon exposure to carbon monoxide. This 
relationship was studied by Gaume, et al. (1981) at the McDonnell 
Douglas Corporation. These electrocardiogram recordings, as well as the 
measurements of blood and pulmonary Pinctionidaeens nen above, were taken 
from quiescent animals. 

For the assessment of escape potential from fire smoke, levels of 
toxicity and physiologic events should be determined from active 
animals. Parent, et al., (1979b) while using the pole-climb conditioned 
avoidance/escape behavioral model, saw substantially lower LCco values 
for thermal decomposition products' exposures of various synthetic foams 
than previously reported in sedentary animals (Parent, et al., 1979a). 
The investigators suggested that the enhanced toxicity (lower LCs) was 
due to the increased respiration and metabolism of the actively climbing 
rats, and consequently the dose of smoke received. Hilado and Cumming 
(1977) studied the toxicity of various gases including carbon monoxide 
on rats and mice, and noted a direct relationship between their 
metabolic rate (oxygen consumption) and toxicity. These investigators 
feel as did Saito (1977) after studying carbon monoxide toxicity in 


active mice, that an enhanced respiratory minute volume coincident with 
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an elevated metabolism resulted in higher toxicant loading and the 
higher observed toxicity. 

The maximal oxygen consumption (VO, max) measurement has been used 
clinically to evaluate the physiologic capacity of an individual to 
adapt to the increased metabolic needs of work or exercise. This 
ability is determined by many factors, such as ventilation of the lung, 
pulmonary diffusion, 05 and C09 transport of the blood, cardiac 
function, capillarity and oxidative capacity of the musculature 
(deVries, 1980). If any of these systems are compromised, the V0» max 
would decline. Specifically, human studies have shown a reduction in 
V02 max to be directly related to blood carboxyhemoglobin which would 
impair O09 transport (Pirnay, et al., 1971; Vogel, 1972a, b). Other than 
these studies with relatively low concentrations of CO, the VO. max or a 
submaximal oxygen consumption index has not been used to evaluate human 
performance during exposures to gases known to be in fire atmospheres. 
This is understandable considering the divigus problems associated with 
the use of humans in toxicologic studies. No animal data, however, 
exist either. Such an approach with animals would provide a physiologic 
mechanism to evaluate the potential to perform work (escape) that can be 
related to man. 

D. Proposed New Approaches 

In view of this deficit in available animal behavioral models and 
the realization that an escape predictive sublethal response observed in 
exposed active animals is required to effectively evaluate performance, 
the guinea pig ergometer model is now proposed. Although the mouse has 
been shown to be sensitive to both asphyxiants and irritants (Wood, 


1979, Matijak-Alarie, 1982; ASTM, 1984; Malek, et al., 1987), it is a 
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small animal and particularly when it is active physiologic measurements 
are difficult to obtain. The guinea pig, on the other hand, is a much 
larger animal that could easily provide samples of blood for analysis 
and be adaptable to physiologic measurements. 

Evidence exists that humans are incapacitated at relatively low 
levels (1000-2000 ppm) of HC] in short periods of time (National Academy 
of Sciences, 1976). The mechanism suggested for these incapacitations 
is suffocation due to constriction of the larynx and _ pulmonary 
bronchi. 

A good animal for the investigation of this mechanism is the guinea 
pig due to its wide distribution and high reactivity of smooth muscle 
throughout their respiratory tract. In addition, the guinea pig 
demonstrates a good ventilatory response to C09 (Wong .and Alarie, 1982) 
a feature that has proven to increase the sensitivity of a guinea pig 
model (Schaper, et al., 1985). Neither a mouse or a rat has a wide 
distribution of respiratory smooth muscle (Lucia and Alarie, unpublished 
data) nor do they respond well to C09 challenge (Burleigh-Flayer, et 
Ales IOOE 

The aforementioned characteristics of the guinea pig make it a 
promising animal model for continued fire smoke toxicity studies. 
Therefore, it has been adopted for experimental work on performance 
(escape) impairment, the basis of this thesis. 

The guinea pig, unlike the mouse which is naturally curious and 
likes to run (Malek, et al., 1987), had to be enticed to run while 
exposed to the toxicant of interest. Therefore, the first objective of 


this study was to design and construct a variable speed ergometer for 
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the guinea pig where it remained enclosed in a ventilated gas tight 
exposure box. 

As a second study objective, an experimental protocol was to 
investigate the inhalation toxicity of a prototype asphyxiant (carbon 
monoxide) and irritant (hydrogen chloride) on a running guinea pig. The 
effects of toxicity and therefore the performance of the guinea pig were 
to be examined both behaviorally and physiologically. On a behavioral 
basis, incapacitation as an escape predictive endpoint would be 
defined. Similar to the type of data generated in the mouse track model 
by knowing the speed of the running guinea pig and the time of 
incapacitation, the distance traveled by the guinea pig could te 
calculated. Physiologic performance would be evaluated by Ve, VO and 
VC0>. Oxygen consumption is an index of an- animal's overall metabolism 
and energy expenditure during movement such as that required to escape a 
fire. 

The third and final objective of this work is to suggest how the 
behavioral and physiological data obtained from the guinea pig ergometer 
model may be used to predict human performance while exposed to similar 
toxic environments. Prior to developing the guinea pig model, the mouse 


track model referred to above was developed. 


METHODS AND MATERIALS 


A. Chemical Toxicants 

Matheson analyzed 9.84% carbon monoxide gas, balance nitrogen or 
pure CO, and .0975% HCl, balance air were used to produce toxic 
environments for guinea pigs exposed either while sedentary or while 
exercising. A Miran infared analyzer (model 1A) and the Ostekridischen- 
Stickstofferwerke method (Leithe, 1971) were employed for the analysis 
of carbon monoxide and hydrogen chloride respectively. These methods 


and calibration procedures are described in Appendix A. 


B. Animal Source and Pre-exposure Handling 


English short haired male guinea pigs (cavia porcellus) ranging 
from 300-325 grams were purchased from Hilltop Lab Animals Inc. 
Sccttdale, PA.- They were housed four to a cage and fed water and guinea 
pig chow (Ralston Purina, Co., St. Louis, MO.) ad libitum with a 12 hour 
light/dark cycle. Guinea pigs remained in their cages prior to 
sedentary exposures. | 

Those animals considered for running exposures began an exercise 
training program. Guinea pigs that showed a distinct willingness and 
ability to run continued to be trained (to be described). All animals 
were weighed regularly and ranged from 355-385 grams at the time of 


exposure. 
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C. Guinea Pig Ergometer/Exposure Chamber 


Schematic drawings including the dimensions of the guinea pig 
ergometer are cncen in Figures 1, 2, and 3. A 4.9 L keystone shaped 
plexiglas exposure chamber completely encloses a stainless steel wheel 
(diameter 454 mm). When gas was introduced at any point in the system 
jt would surround the wheel and equilibrate with the entire chamber 
volume. Six minutes were required to reach 95% equilibration (see 
Appendix B for this calculation and calculation of ergometer volume). 
The cylinder of the wheel (95 mm wide) was covered by a 5 mm silicone 
rubber tread. The tread provided a functional surface onto which the 
guinea pig ran (during running exposures) while confined within the 
upper wedge-shaped section serving as an exposure chamber. The running 
area was 73 mm wide and 270 mm long. Bumper brushes were located at the 
front and back of the running area which served to encourage the guinea 
pigs to run. Those in the front were attractive to the guinea pig as 
evidenced by their desire to chew on them, while those at the back were 
a negative stimulus to the animal's hind end. Other apparatus (i.e., 
electrical shock) used to motivate rodents to run (Bernard, et al., 
[9712 Pitts me beaie, 1971) were not used. Inlet and exhaust ports were 
also located at the front and the back while multipurpose ports, were 
arranged along the top arc of the exposure chamber. 

The guinea pig was introduced into and removed from the system by a 
Circular rubber stoppered port on the face of the chamber. 

The entire plexiglas front plate can also be removed by disengaging 
a series of 36 wing nuts along its perimeter for cleaning the inside of 
the apparatus. A rubber gasket between the side rim of the exposure 


chamber and front plate served to effectively seal the system when the 


Figure l. 
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Guinea pig ergometer/exposure chamber used for exposure to 
air (control), CO or HCl during exercise. Guinea pigs ran 
at speeds ranging from 0 to 18 rpm (0.0 to 1.59 km/h), on 
top of a motor driven wheel, enclosed in a keystone shaped 
plexiglas chamber. The guinea pig is introduced and removed 
from the wedged running area of the exposure chamber by a 
rubber stopper on the chamber's front plate. To reduce the 
air volume of the exposure system, stainless steel plates 
were welded to the inside rim of the stainless steel wheel, 
both front and back. This resulted in an air volume of 4.9L 
for the exposure system and is necessary to insure that the 
small pressure change (AP) due to breathing can be recorded 
and for rapid mixing of introduced toxicants. 


Figure 2. 


All Dimensions in 
Millimetres (mm) 


Side view of the guinea pig ergometer/exposure chamber 
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Figure 3. Guinea pig ergometer/exposure system used for air control 
and CO exposures during exercise. The enclosed ventilated 
ergometer functions as an exposure chamber and whole body 
plethysmograph. Tidal, volume (AP) and f are continuously 
monitored, along with VO> and VCO. Desired concentrations 
of CO are prepared in me mixing tube by the appropriate 
combination of metered 100% CO and air. A glass exposure 
chamber replaced the ergometer during sedentary exposures. 
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wing nuts were gently tightened by hand. In addition an O-ring 011 seal 
surrounded the wheel's axle as it passed through the back wall of the 
chamber to engage with the gear/motor assembly and prevented leakage of 
gases flowing through the system, 

The rubberized wheel was driven by a variable speed two directional 
D.C. motor (Bodine Electric, Chicago, IL) at speeds ranging from 0 to 18 
rounds/min (rpm) or 0.0-1.59 kilometers/hour (km/h). The speed was 
controlled by a dual range potentiometer (Bodine Electric, ASH-401) and 
was digitally indicated on a tachometer (Visi-tach, VT-3, Minarik 


Electric, Los Angeles, CA). 


D. Exposure System for CO and Measurement of Physiologic Events During 
Exercise and Sedentary Exposures 


The exposure and physiologic measurement systems that were used for 
CO exposures during exercise are diagramed in Figure 3. The system 
design for sedentary exposures was the same except a 2.5 L glass whole 
body plethysmograph replaced the guinea pig ergometer. Since the 
exposure chamber completely encloses the wheel yet part of a flow- 
through system, the exposure box functions as a whole _ body 
plethysmograph, thus making the continuous measurement of respiratory 
events (f and aP) possible. This approach is based on the method of 
Wong and Alarie (1982) where unrestrained guinea pigs could be monitored 
for extensive periods of time while exposed to air or other gas 
mixtures. Pressure changes (AP) that occur in the box as a function of 
the animal breathing are detected by a sensitive microphone (Fukuda TY 
303, Gould Electronics, Cleveland, OH) that is attached to one of the 


sampling ports. Upon inspiration a normal guinea pig (350 grams) 
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inspires. about 1.5 ml of air from the chamber; this air is both heated 
to body temperature (37.5°C) and humidified in the lungs thus increasing 
the chamber pressure. The reverse occurs during expiration. These 
pressure changes are proportional to tidal volume (Wong and Alarie, 
1982). By counting the number of pressure changes per unit time 
respiratory frequency could be obtained. Respiratory events were 
monitored on a chart recorder (Western Graphtec, Mark VII, Irvine, CA). 
As shown in Figure 3, the exposure chamber is air tight but air is 
continuously flowing through inlet and outlet ports. To record the 
pressure changes ( AP) created during each breath, a long tube is 
attached to both the inlet and outlet ports to create sufficient 
resistance to in effect seal the system for recording 4P. The length of 
tubing used was 100 mm and the inside diameter was 3 mm. To test that 
the system was working properly a pump was used to simulate breathing by 
the animal. By pumping known volumes of air at frequencies of 60 to 
300/min the inlet and outlet tubing were adjusted so that AP created in 
the exposure system was the same when the system was completely closed 
as while air was flowing through it. | | 

A glass mixing tube and primary chamber were located in the front 
of the system. Here appropriate proportions of air and toxicant were 
combined to produce desired exposure concentrations. Carbon monoxide 
was continuously monitored from the primary chamber. When the entire 
system was in operation a total of 12.5 L of gas was passed through the 
primary chamber. 10L/min were immediately exhausted and 2.5 L/min were 
pulled through the exposure chamber by pumps located either within (at 
0.5 L/min) or beyond (at 2.0 L/min) the CO» analyzer (Sensormedics LB-2) 


and two-cell differential oxygen (Servomex dual cell) analyzer 
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respectively. The CO> analyzer was calibrated with ambient air (.03% 
CO>) and standard gases of 1.0% and 5.0% C09 obtained from Radiometer 
America, Inc. The C05 monitored from the outlet of the exposure box was 
taken to be the % CO» output since .03% was assumed to be 0.0%. The 
test atmosphere was passed through a desiccant and H>0 was removed prior 
to COs analysis. Both H90 and C05 were scrubbed through a 
desiccant/sodium hydroxide-silicate filter prior to 09 analysis. Oxygen 
was also sampled before the exposure chamber (pre-chamber) at the point 
of the primary chamber. The difference in pre-chamber Oo concentration 
and post-exposure chamber was recorded as the 0» taken up by the guinea 
pig. The 05 analyzer was calibrated with zero 05 (pure nitrogen), 10.9% 
O>7 and room air (20.90% 05). Both QO uptake and CO > output were 
continuously recorded on a Graphtec Servocorder. After analysis the gas 
gamples were exhausted to a hood. 

A temperature gage and flexible probe (Baily, model BAT 8) 
monitored the exposure chamber temperature. In addition, the 
temperature of the room and barometric pressure were measured prior to 
each experiment. These measurements were used in the subsequent 
calculation of O9 uptake (ml/kg/min) and C0> output (m1/kg/min) at 


standard temperature and pressure, dry (STPD). 


E. Exposure System for HC] Exposures During Exercise 


Since HCl is a corrosive acid, no physiologic measurements were 
made during exposure to prevent damage to the ~= analytical 
instrumentation. The system for exposure to HCl during exercise is 
illustrated in Figure 4. Pressurized gas was introduced through the 


exposure chamber at 10 L/min. The animal exposure concentrations were 
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Entrance/Exit Port HCl 4.9 L Animal Exposure Box/ 
Sample Whole Body Plethysmograph 


Lyall Potentiometer 


Tachometer 


— 


Exhaust 
10 L/min 


Flowmeter 
10 L/min 


Pressurized 
975 ppm HCl 
in Air Stainless Steel 
‘ Space Wheel 


Breestiican as SN Silicone Tread 
Air Plexiglas Front Plate 


Figure 4, Exposure system for HCl] exposures during exercise. Either 
pressurized air or HCl] (975 ppm in air) were introduced to 
the chamber at 10L/min. HC] was sampled from the top 
Chamber port for subsequent chemical analysis. No 
physiologic measurements were made during these exposures 
due to the corrosive nature of HCl gas. 
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determined by sampling HCl from the top of the exposure chamber at a 
rate of .95 L/min into two miget impingers in series containing 0.1 N 


NaOH. 


F. Animal Training for CO and HCl Exposures During Exercise 


Twelve guinea pigs typically made up each starting group. The 
first two days involved familarizing the guinea pigs to the ergometer 
environment and determining which animals had the potential to be 
runners. Those with potential were trained daily for a few days then 
were trained on alternate days. The protocol outlined in Figure 5 was 
closely followed. The speed and running time for each animal 
progressively increased as the guinea pig developed physiologic 
endurance. It was considered trained when it could complete the 55- 
minute running protocol in air. Usually 7 to 10 days were required to 
train a guinea pig to run. Only 30 to 50% (4 to 6) of the original 
group of 12 guinea pigs were able to be trained. This rate was 
consistent with that described in earlier studies in which guinea pigs 
were Similarly trained and oxygen consumption was measured (Pasquis, et 
al., 1970). This protocol was designed so that a warm up period during 
the first 4 minutes was followed by a speed (1.59 km/h) that would 
increase metabolic activity (as indicated by 0» uptake and CO> output ) 
by a factor of 2 to 3 times baseline. This speed was maintained for 36 
minutes so that a 30 minute exposure to a toxicant could occur and could 
be compared to other exposures where guinea pigs were similarly exposed 
for 30 minutes under sedentary conditions in this study or in previous 


work (Burleigh-Flayer, et al., 1985). 


REVOLUTIONS / MINUTE 


Figure 5. 
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RUNNING PROTOCOL 


EXPOSURE ' RECOVERY 


@) 10 20 30 40 50 - £60 
TIME = min 


A guinea pig was considered trained to run when it could 
complete this 55-minute running protocol. This protocol was 
followed for air control, COQ and HCl exposures during 
exercise. See text for explanation of protocol and 
deviations from it during specific exposures. The speeds, 
10 rpm, 15 rpm and 18 rpm are equivalent to 0.88, 1.32, and 
1.59 km/h, respectively which correspond to 0.54, 0.82 and 1 
mile/hour. 
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At minute-0 the ergometer speed was quickly brought to 10 rpm for 2 
min, increased to 15 rpm for 2 min, then to 18 rpm for an additional 36 
minutes. At protocol minute-40 the wheel was turned off, and the guinea 


pigs were allowed to recover for 15 minutes, 


G. Sedentary Exposures 
1. Air Control : 

In this series of experiments guinea pigs were simply placed in a 
whole body plethysmograph during exposure. Eight control animals were 
exposed to air for 30 minutes followed by a 15 minute air recovery 
period. Physiologic measurements were taken at baseline as well as 
continuously during the designated exposure and recovery periods. The 
sedentary protocol is outlined in Figure 6. 

2. CO - Normal Guinea Pigs 

After baseline physiologic measurements were taken in air, six 
groups of 4 guinea pigs each were exposed to single concentrations of 
carbon monoxide for a total of 30 minutes followed by a 15 minute air 
recovery period unless an animal died. These exposure concentrations 
were 19,000, 17,500, 16,000, 14,500, 8,700, or 5,700 ppm of CO. 
Physiologic measurements were continuous. Since the guinea pig has a 
high center of gravity they fall to their sides upon narcosis and 
asphyxiation. This behavioral endpoint was used to represent 
incapacitation. This type of incapacitation is termed S-incapacitation 
(sedentary incapacitation) resulting from sedentary exposures, and is 
differentiated from E-incapacitation (exercise incapacitation) as 


observed during exposure to CO while running. 


Ae) 


SEDENTARY PROTOCOL 


EXPOSURE RECOVERY 


TIME = min 


Figure 6. Sedentary guinea pigs were exposed to CO according to this 
protocol. Unless an animal died, the guinea pig was exposed 
to the toxicant for 30 minutes followed by a 15 minute 
recovery in air. Control animals were exposed to air for 45 
minutes. All animals simply sat in a glass whole body 
plethysmograph during exposures. 
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3. (CO - Cannulated Guinea Pigs 


Sixteen guinea pigs in this set of experiments were fitted with 
carotid artery cannulas at least 24 hours prior to exposure to carbon 
monoxide. A brief description of the procedure is found in Appendix 
D. Four groups of 4 guinea pigs each were exposed to 19,000, 17,500, 
16,000 or 14,500 ppm of carbon monoxide for 30 minutes followed by a 15 
minute air recovery unless an animal died. These experiments were 
designed to reproduce the carbon monoxide exposures of normal guinea 
pigs just described except for surgically placement of the carotid 
artery cannula used to draw 1 ml blood samples at S-Incapacitation for 
carboxyhemoglobin (% COHb) measurements. = Blood samples were 
alternatively taken by cardiac puncture if death occurred. Both the 
times (min) of incapacitation and death were recorded. Development of a 
spectrophotometric method for % COHb measurement in the guinea pig is 
described in Appendix ce 

Physiologic measurements (f,4P, QO uptake, and C09 output) were 
taken from these guinea pigs only at baseline and compared to normal 
guinea pigs at baseline to determine if they were compromised by surgery 
and therefore suitable for carbon monoxide exposures. Any statistically 
significant differences among the baseline parameters between the two 
groups were determined by the use of a student t test at a level of 
significance, p < 0.05 (Armitage, 1971). 

H. Exposures During Exercise 
1. Air Control 

The 55-minute running protocol (Figure 5) was followed exactly 

during air control exposures. The aforementioned physiologic 


measurments (f, 4 P, Op uptake, CO> output) were taken at baseline, 


a 


throughout the run as well as during the recovery period for 8 guinea 
pigs exposed only to air. 

Coe CU. 

The protocol (Figure 5) was similarly followed during carbon 
monoxide exposures, however the toxicant was introduced at protocol 
minute-10. Running guinea pigs reached a stable Oo uptake level by 
minute-10 and it was cet to be an appropriate time to initiate the 
exposure. Two groups of 4 guinea pigs each were exposed to carbon 
monoxide during exercise. The exposure concentrations were 2,200 and 
8,290 ppm CO. The guinea pig would continue to run until the wheel was 
stopped at the scheduled minute-40 or when it became incapacited, in 
which case the wheel was also stopped. The time of incapacitation was 
recorded. Regardless of the time of incapacitation all test animals 
were exposed to CO for a total of 30 minutes. Incapacitation that 
occurred during exercise exposures or E-incapacitation was defined as 
that point when a trained guinea pig collapsed and could no longer 
run. This event was confirmed by restarting the wheel several times in 
the minutes immedi ately following the called E-incapacitation and 
determining that the animal truly could not run. Other behavioral 
effects observed in the guinea pig such as "Slipping" of front paws and 
"sitting" at the back of the chamber were also noted prior to 
incapacitation as “eye as a decrease in VO>. 

Che alal 

During the first 10 minutes of the running protocol, pressurized 
air was introduced at the Y-tube at 10 L/min. At protocol minute-10 the 
air was turned off and 0.0975% (975 ppm) HCl] in air was alternatively 


introduced at 10 L/min. During each 6 minute exposure the wheel was 


ae 


turned off at E-incapacitation. One 3 minute sample for analysis of HCl 
was obtained in each experiment. Five trained guinea pigs were exposed 
at 411, 530, 572, 591 or 652 ppm of hydrogen chloride, respectively. 

At the end of each exposure the guinea pigs were sacrificed if not 
already dead as a result of the exposure. Their larynx and lungs were 
removed and examined for gross abnormalities, then the lungs were fixed 
by infusion of 10% buffered Formalin and placed in a jar containing the 
same along with the larynx. Lung weights (grams) before and after 
infusion as well as the infusion volume (m1) were recorded. Although 
these tissues were fixed for subsequent histopathologic examination, 
pathologic findings will not be available for discussion in this 
thesis. NO experiment was conducted with HCl in sedentary conditions 
since these data were previously obtained by Burleigh-Flayer et al. 
(1985). 

I. Data Analysis 
1. Respiratory Rate (f) 

Unless the chart deflections were unreadable due to pea oteanenee 
the breaths in the last 15 sec of every other recorded minute were 
counted and multiplied by 4 to give breaths/min. An average value 
obtained over three minutes at baseline was also calculated. 

é¢. Jlidal Volume: VAP). 

With each animal quiet in the exposure chamber (used as as a whole 
body plethysmograph) a pump was used to supply a known volume 
displacement (4 m1), coincident pressure change caused a deflection on a 
chart recorder. This information was used to calculate a calibration 
factor that was applied to all subsequent chart deflections produced by 


the guinea pig. A 4 ml volume produced by the pump resulted in a 25 


division deflection on the chart recorder at a sensitity of 500X and the 
guinea pig deflected (on the average) the pen 13 divisions at a chart 


sensitivity of l100X. The calibration factor and AP were calculated as 


follows: 
4m] pump chart sensitivity 

poe LO CEEM Gre __guinea pig oe oe 
he SUT X uinee pi = Calibration (ml/div) 
No. division chart factor 

def lection by sensitivity for 

pump pump 
oy OX ape «0320 (mI/div) 
Breath (divisions) X Calibration = Tidal Volume (m1) 
Factor (ml/div) 
8 (Divisions) X .0320 (ml/div) = .2560 (m1) 


The tidal volume was calculated by taking the average divisions 
def lected in the same breaths that were counted (for f) during the last 
15 seconds of every other minute recorded. An average baseline value 
was also determined. Therefore tidal volume is considered a measurement 
made indirectly from pressure changes (,P) recorded from the exposure . 
sySten. Such measurements were calibrated in ml but the ml] values were 


not the absolute volume of inspired air with each breath. 


3. O59 Uptake (V0>) 
The difference in oxygen between pre and post-exposure chamber, 
were extracted from the chart record at baseline and then every other 


minute starting with minute 3 of each exposure protocol. 09 uptake 


(m1/kg/min) STPD was calculated for each of these minutes. 
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O> uptake (m1/kg/min, STPD) =AxBxCxODx E where, 


A = % Oo difference between pre and post chamber 


oo 
iT) 


Chamber air flow (ml/min) 


C = Barometric pressure (mmH 


‘760 (mmHg) 
ie 270 
Room temperature (°%) 
E = l 


Guinea pig body mass (kg) 


+. (CO. Output (VCO) 


Carbon dioxide values were extracted from the chart record at 
baseline and alternate minutes of the protocol starting from minute-1l. 
The C09 output (m1/kg/min) STPD was calculated for each of these minutes 
by the equation outlined for 05 uptake except the CO value was 
substituted for the 09 difference value. 

For each parameter (f, oP, VO and VC0>) the mean values (+ SD, % 
C.V.) at baseline and for each designated minute of the protocol were 
calculated for 8 air control animals and groups of 4 animals exposed to 
each of the exposure concentrations of carbon monoxide. After the mean 
for each minute was calculated, each value was then divided by the 


baseline value to normalize the data. The 4 guinea pigs that were 


a5) 


exposed to 2,200 ppm carbon monoxide while running became incapacitated, 
and the wheel was stopped over a wide range of time (from 8.5 min to 
15.5 min) and therefore the physiologic events at each protocol minute 
were not meaned. The data of each animal were treated individually and 
normalized by the average baseline values of four animals. 
5. Distance Traveled During Running Exposures 
Since the guinea pig is running at 1.59 km/h or .0265 km/min, and 
travel time was determined by E-incapacitation the distance traveled was 
calculated as shown below. 
Mean time to Distance 


- 0265 km/min X incapacitation = traveled 
(min) (km) 


RESULTS 


A. Post Arrival Weight Gain in Running vs. Non-running Guinea 

Pigs 

The weight profile of running (n = 15) vs non-running (n = 15) 
guinea pigs is shown in Figure 7. Average values for alternate post- 
exposure days (where the coefficients of variation were under 9%) are 
expressed as ratios. The values used to normalize the runner and non- 
runner data were 304.8 + 20.8 and 306.4 + 22.6 grams respectively. At 
test (Armitage, 1971) showed there to be no statistically significant 


differences between the two groups at any time. 


B. Sedentary Exposures 


1, CO and Air Control Exposures - Normal Guinea Pigs 
Respiratory rate (f), tidal volume (aP), oxygen uptake (V0>) and 


carbon dioxide output (VC0>) measurements for air control and six 
exposure concentrations of carbon monoxide (5,700, 8,700, 14,500, 
16,000, 17,500, 19,000 ppm) are presented in Figures 8 through 13. The 
average air control values (n = 8) for each physiologic parameter were 
expressed as ratios normalized by their respective baseline value listed 
in Table 3. By this approach the average pre-exposure value at protocol 
minute-0 was set to 1.00. The coefficients of variation for air contro] 
i Jl V0> and VCO» mean values were less than 26, 35, 30 and 32% 
respectively. These guinea pigs were often active, free to walk and 


explore within body plethysmograph, and this is likely to account for 


GUINEA PIG WEIGHT PROFILE 


@ NON-RUNNERS 
O RUNNERS 


O. 942: 4. Gi nBa_, 10 womtZ 
DAYS POST ARRIVAL . 


Figure 7. Weight profile of guinea pigs that were sedentary (non- 

runners, n = 15) or that were trained to run (runners, n = 
15) in the 10 days following their arrival. The neon + SD 
weights were normalized by the average weight of each 
group of guinea pigs respectively on the day of arrival 
and expressed as ratios. The coefficient of variation was 
less than 10% at all times. No statistical difference was 
found between the two groups. 


Figure 8. 
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RESPIRATORY RATE | OXYGEN UPTAKE 
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Physiologic measurements, f, AP, VOo, and VCOo of guinea 

pigs during 30 min sedentary air control (n = 4) and 
19,000 ppm CO (n = 4) exposures followed by 15 min air 
recovery. All animals were S-incapacitated and died 
before 16 min. The data (means) of each group were 
normalized by their respective average values (Table 3) 
and expressed as ratios. The % CV were less than 35% for 
control and less than 30% of the mean values for CO 
exposed animals for all physiologic parameters. 


RATIOS 


Figure 9, 
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Physiologic measurements, f, AP, VOo, and voy of guinea 

pigs during 30 min sedentary air (n = 4) and 17,500 ppm CO 
(n=4) exposures followed by Il&min air recovery. All 
animals were S-incapacitation and three died. fhe data 
(means) of each group were normalized by their respective 
average values (Table 3) and expressed as rations. The % 
CV were less than 35% for control and less than 30% of the 
means for CO exposed animals for all physiologic 
parameters. 
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RESPIRATORY RATE : OXYGEN UPTAKE 
45 44 
4 
34 34 
; © CONTRO. | 
| 2 18,000 ppm CO 
24 para 2+ . 
hi Pot eteccsccece victees 14 eae ee 
| . ] | A y 
04 ExRDSLR RECO 0+ mi RECOVERY 
4 0 10 270 .0CUHOt—i‘C OtéHOD | 0 10 20 30 40 50 
Ke 
a TIDAL VOLUME | CARBON DIOXIDE 
4 4 
1 
3- 3 
4 : | 
24 ist is 2- 
4 Nee o 4 =) pe 
‘= wher coe etccccceteceice 1- meets” vecet gtieetbed 
4 ne mod 
04 OPOSURE RECOVERY 0- saroa et RECOVERY 
| 4 e ’ ’ 
0 0 0 30 40 6 0 © 20 30 40 50 
TIME = min TIME = min 
Figure 10. 


Physiologic measurements, f, 4 P, VO5, and VCOo of guinea 

pigs during 30 minsedentary air control (n = aj and 16,000 
ppm CO (n = 4) exposures followed by 15 min air 
recovery. All animals were S-incapacitated and none 
died. The data (means) of each group was normalized by 
their respective average values and expressed as ratios. 
The % CV were less than 35% for control and less than 30% 
of the means for CO exposed animals for all physiologic 
parameters. 


Figure ll. 
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Physiologic measurements, f, AP, VOo, and VCO? of guinea 


pigs during 30 min sedentary air control (n = 4) and 
14,500 ppm CO (n = 4) exposures followed by 15 min air 
recovery. All animals were S-incapacitated and none 
died. The data (means) of each group were normalized by 
their respective average values (Table 3) and expressed as 
ratios. The % CV were less than 35% for control and less 
than 30% for CO exposed animals for all physiologic 
parameters. 
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Physiologic measurements, f, AP, vO , and VC03, guinea 


pigs during 30 min sedentary air control (n = and 8,700 
ppn CO (n = 4) exposures followed by 15 min air 
recovery. All animals were S-incapacitated and none 


died. The data (means) of each group were normalized by 
their respective average values (Table 3) and expressed as 
ratios. The % CV were less than 35% for control and less 
than 30% for CO exposed animals for all physiologic 
parameters. 
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Physiologic measurements, f, AP, VO5, and VCO of guinea 

pigs during 30 min sedentary air eoneral (n = 4) and 5,700 
ppm CO (n = 4) exposures followed by 15 min air 
recovery. All animals were S-incapacitated and none 
died. The data (means) of each group were normalized by 
their respective average values and expressed as ratios. 
The % CV were less than 35% for control and less than 30% 
for CO exposed animals for all physiologic parameters. 
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the variation observed between animals. The data from each 
concentration of carbon monoxide exposed guinea pigs (n = 4) were also 
normalized using average baseline values in Table 3 and expressed as 
ratios similar to the air control data. The coefficients of variation 
were less than 30% for each physiologic parameter throughout the 
exposure/recovery protocol regardless of CO exposure concentration. 
Figures 8 through 13 present the changes inf, AP, VO, and VCO. 
during sedentary exposures to CO and demonstrate that its effect was 
concentration dependent. Values for f, V0> and VCO» declined within the 
first 10 minutes of exposure and then remained at a plateau. For 
example, 19,000 ppm CO produced dramatic depressions in_ these 
physiologic parameters, while f and VCO> were near normal during 
exposure to 5,700 ppm CO. Coincidental to a decline inf, V0o and VC0o, 
the tidal volume increased as the exposure concentration to carbon 
monoxide increased. All of these physiologic events indicative of 
asphyxiation, surrounded both the occurrence of S-incapacitation and 
death. Regardless of exposure concentration, all exposed guinea pigs 
were S-incapacitated, and 100% and 75% of the animals died during 19,000 
ppm and 17,500 ppm CO exposures respectively. The mean times to S- 
jncapacitation and death for sedentary animals exposed to carbon 
monoxide are presented in Table 4. The time to S-incapacitation is 
shown to be concentration dependent (Figure 14), and the Ct values 
determined fran these data ranged from 62,640 to 84,800 ppm.min. The 
LCsqg and 95% confidence interval were calculated to be 17,129 (16, 332- 
17,966) ppm CO based on % death listed in Table 4 as calculated by the 


method of Weil (1952). 
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3000 10000 30000 


Figure 14, 


CO - ppm 


Concentration/response relationship (linear regression) be- 
tween exposure concentration of CO (5,700 to 19,000 ppm) 
and mean + SD time to S-incapacitation (min) of sedentary 
animals at each CO concentration a(n = 4). Slope was 
significantly different from zero, r © = .92. . Equation for 


the line was calculated to be: Y = -17.2 log X + 76.9. 
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2. %COHb Measurements From Normal and Cannulated Guinea Pigs 


The average baseline physiologic values from those guinea pigs that 
were cannulated for arterial carotid blood sample (n = 16) for %COHb 
measurements at S-incapacitation and at death via cardiac puncture, as 
well as for a matched set of normal non-cannulated guinea pigs (n = 16) 
sampled for blood only at death, are presented on Table 5. No 
Significant statistical difference was found between the two sets of 
average values (Student t-test, p < .05, Armitage, 1971). Based on 
this finding, the cannulated guinea pigs were not considered to be 
compromised due to surgery. Time to S-incapacitation, death, % death 
and %COHb at these times for normal and cannulated guinea pigs are shown 
in Table 6. The times to S-incapacitation were comparable between the 
two groups of guinea pigs. The cannulated guinea pigs appeared to be 
more sensitive to carbon monoxide reflected in an increased percent 
death at the 16,000 and 14,500 ppm exposure concentrations and shorter 
time to death at all concentrations. This may have been a consequence 
of blood sampling (approximately 1 m1) at S-incapacitation. The average 
MCOHDb and SD at S-incapacitation measured from the cannulated guinea 
pigs (n = 16) were 85.9 + 5.8, and at death from both sets of animals (n 
= 12), 93.5 + 4068 


C. Exposures During Exercise 

1. (CO and Air Control Exposures 

Values for f, a P, VO>, VCO» measurements for air control and two 
exposure concentrations of carbon monoxide (8,290 and 2,200 ppm) are 
presented in Figures 15 through 19. Similar to the sedentary data, 
these data were normalized by the average baseline value for each 


physiologic parameter (Table 7) and expressed as ratios. By ten minutes 
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Physiologic measurements, f, AP, VO>, and VCOo of guinea 

pigs during 30 min air control (n = 8} exposures and 8,290 
ppm CO (n = 4) while following a “55-minute running 
protocol" on an ergometer (see text). The CO exposed 
animals became E-incapacitated at mean time of 4.4 min. 
Both air control] and CO data was normalized by respective 
average baseline values and expressed as ratios. The % CV 
for control] and CO data was less than 30%. 
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Physiologic measurements, f, a P, VQ> and VCOo of air con- 
trol (n = 8) and one guinea pig exposed to 2,200 ppm CO 
during a "55 minute running protocol" on an ergometer. 
The CO exposed guinea pig was E-incapacitated at 14.5 
minutes into the 30 min exposure. Both air control and CO 
data was normalized by respective average baseline values 
and expressed as ratios (see text). The 2° C.V. > fon 
control data was less than 30%. 
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Physiologic measurements, f, 4P, VO> and VCOo of air con- 
trol (n = 8) and one guinea pig exposed to 2,200 ppm CO 
during a "55 minute running protocol" on an ergometer. 
The CO exposed guinea pig was E-incapacitated at 8.5 
minutes into the 30 min exposure. Both air control and CO 
data was normalized by respective average baseline values 
and expressed as ratios (see text). The: cama. for 
control data was less than 30%. 
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Figure 18, Physiologic measurements, f, aP, V0> and VC0> of air con- 


trol (n = 8) and one guinea pig exposed to 2,200 ppm CO 
during a "55 minute running protocol" on an ergometer. 
The CO exposed guinea pig was E-incapacitated at 15.5 
minutes into the 30 min exposure. Both air control and CO 
data was normalized by respective average baseline values 
and expressed as ratios (see text). The % CoV) fou 
control data was less than 30%. 
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Physiologic measurements, f, AP, VOQ5 and VCOo of air con- 
trol (n = 8) and one guinea pig exposed to 2,200 ppm CO 
during a "55 minute running protocol" on an ergometer. 
The CO exposed guinea pig was E-incapacitated at 9.0 
minutes into the 30 min exposure. Both air control and CO 
data was normalized by respective average baseline values 
and expressed as ratios (see text). The % C.V. for 
control data was less than 30%. 


56 


61 ybnouyy ST] 
Saunblj UL payuasSaud SOLzeu ayy aze_Nd_ed 03 dnoubh yoea soy ,aUL[aSeq, SP pasn Ja4aM San[eA asayl . 


€f2l “Siz + 6°22 €°G2 ‘6°b + b'6T £02 “SSO; + £2" "e°9E ‘IT°SE + 0°SOT (p = ¥) 
002 ‘2 
LEG 94g 1512 © B°EE “b°9 + 6°8T Sclp ica + che O°OL ‘O°OT + 0°00T (p = 4) 
062 ‘8 
cbmc st + boi2 (:8laee £49721 v°1I2 ‘OSO° + 2€2° 2°ST ‘bbl + 1°€6 (8 = u) 


[0uqU0) 4LY 


%°A°D ‘OS + X TAO e- 0S ¢4-X “"hi2- ‘OS 4X %°A°D ‘OS + X wdd 09 
(uiw/64/{w) ¢o9 (uiw/6y/{wW) <9 (tw) dV (utw/syyeauq) 4 


3StI4axX9 Gutanp sasnsodxa apixouow uoqued 03 s01sd shid eauin6 yo dno. yora s0y 
yndyno 2o7 pue ayeqdn 2 ‘awnjoa pepiy ‘aqeu Auoqesjdsas 40g psanjea auj_aseg 


“ 71avi 


into the running protocol, the air control guinea pigs (n = 8) increased 
theirrPry = APs VO> and VC0> DyTapPGUNiIMdtery 5-259," 1c. c. 9. andec.0 
times baseline respectively. These elevations remained at a fairly 
constant level until the wheel was stopped at protocol minute-40. At 
this time, the physiologic parameters returned to pre-run baseline 
levels. The coefficients of variation of the mean values for each of 
the air control parameters were less than 25%. During the first ten 
minutes of the running protocol, the 4 guinea pigs that were 
subsequently exposed to 8,290 ppm CO followed a On yetoTeatc profile 
similar to that of the air control animals (Figure 15). This profile 
continued until protocol minute 14.4 or 4.4 minutes into the exposure to 
CO which was the average time to E-incapacitation and the time the wheel 
was stopped. At this time, respiratory rate declined and reached a 
plateau at a level comparable to baseline; both VO and VCO declined 
and plateaued below baseline. These levels were maintained until 
recovery in air for 15 min when near or slightly above baseline values 
were then- reached. A P was also reduced subsequent to E- 
jncapacitation. This decrease in a P, however, was alternatively 
followed by an increase as_ the exposure to carbon monoxide and 
asphyxiation progressed. Although both f and VO» fell dramatically at 
E-incapacitation, they also showed evidence of a decline prior to 4.4 
minutes. This decline, as well as the behavioral events of "sitting" 
and "slipping" of the guinea pig. rather than its running, warned of 
impending E-incapacitation. All guinea pigs were E-incapacitated, but 
there was no occurrence of death. Except for a few isolated data points 
the coefficient of variation for each of the physiologic parameters 


among the 8,290 ppm CO exposed guinea pigs were less than 25%, 
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As a result of the differences in time to E-incapacitation (14.5, 
8.5, 15.5, 9.0 min) and consequently when the ergometer wheel was 
stopped, the 4 guinea pigs exposed to 2,200 ppm CO were graphed 
individually (Figures 16 through 19). Except for f (which was sometimes 
lower), the average physiologic responses of these 4 animals were close 
to the control at 10 minutes into the protocol and immediately prior to 
exposure. Their f, AP, V0, and VC05 me 1.31, 2.2 and 2.25 times 
baseline respectively. Their response was similar to the animals 
exposed to 8,290 ppm CO but with less pronounced, fi, 94 DBes VO», and VCO» 
declines subsequent to E-incapacitation. Only AP of guinea pig 3 
(Figure 17) does not show any major changes throughout the protocol and 
exposure. During recovery all parameters approached control levels in 
all animals, and no animals died. 

Average time to E-incapacitation and death for CO exposed guinea 
pigs during running as well as when sedentary are presented on Table 
4. The Ct values from 2,200 and 8,290 ppm CO exposures during exercise 
were calculated to be 26,180 and 36,476 ppm « min respectively. 

The E-incapacitation that occurred as a result of carbon monoxide 
exposured during running were different from those S-incapacitations 
that occurred while guinea pigs were sedentary. When sedentary animals 
became incapacitated, they fell to their sides, clearly "flat out" and 
did not move except for eye blinks or rapid body movements which were 
characteristic of a convulsive state prior to death in those animals 
that died. When a guinea pig collapsed from running in the ergometer, 
it was a dramatic event; the animal was also "flat out". However, when 


the wheel was slowly turned shortly after incapacitation was called, the 


guinea pig could not walk. Yet, a few minutes later the animal showed 


SIE. 


signs of recovery. This was particularly easy to recognize for each of 
the guinea pigs exposed to 2,200 ppm CO. These animals blinked their 
eyes, lifted their head, looked around and occasionally took a step or 
two. However, when the ergometer wheel again was slowly turned the 
guinea pig could still not negotiate a walk nor could running be 
initiated. 

2. HCl Exposures 

Running guinea pigs exposed to 411, 530, 572, 591, or 652, ppm HCI 
were quickly incapacitated within 45 sec. Respiratory rate (from visual 
observation since no physiologic monitoring was done with HCl exposures ) 
following E-incapacitation averaged 18 breaths/min. Guinea pigs exposed 
to the last 4 concentrations died within 4 minutes of exposure. A 
Summary of observed results from HC1 exposures is outlined on Table 8. 


Gross examination of the lungs from all HCl exposed animals showed 


hemorragic spots on all lobes. 


3. Mean Distance Traveled During CO or HCl Exposures 
The mean distance traveled + SD for 2, 200 ppm and 8,290 ppm CO 


exposed guinea pigs were 315 m + 96, and 117 m + 6.7 respectively. The 
five guinea pigs exposed to the range of HC] 411 to 591 ppm traveled a 


mean distance of 16.7 m + 2.0. 
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TABLE 8 


Approximate time (sec) to effect during 
hydrogen chloride exposures in exercising guinea pigs 


HC1 (ppm) 

Observations 411 530 572 591 652 
E-incapacitation 35 45 40 350 35 
Dark eyes and skin <60 <60 <60 <60 <60 
of ears and paws 
Convulsions b 
and Choking N 180 90 60 90 
Death N 240 150 140 150 
Recovery 2 420 N N N N 
(walk) (post- , 

exposure) 


4 This guinea pig was exposed to HC] for 210 sec, then to room air. 


b The letter N indicates no event. 


DISCUSSION 


A. Development of the Guinea Pig Ergometer Model 


Despite the fact that the majority of toxic inhalation exposures of 
laboratory animals have occurred at rest, there is strong justification 
to conduct studies during exercise. Exposed human populations are 
usually active with above resting ventilation rates under very normal 
conditions, such when engaged in work or play, jogging, and certainly in 
extreme examples where individuals are attempting to escape from fire 
smoke or other toxic fumes resulting from industrial accidents. In 
contrast, exposed experimental animals are at rest or maintaining 
minimal states of activity as they are confined in their exposure 
chambers. 

During exercise, several events occur that may influence the 
physiologic response to a given concentration of an airborne toxicant. 
An elevated Ve would result in an increased internal exposure per unit 
time. A resting Ve of an average human is approximately 7L/min and 
during acute heavy exercise over l100L/min has been reported (de Vries, 
1983). In addition to an increased Ve. other factors during exercise 
may alter toxicological response to an inhaled contaminant. These 
include greater depth of breath, decreased time of interface between 
inspired air and upper airways, increased mouth breathing (humans) and 


the potential to override reflex mediated breathing patterns, such as 
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respiratory rate depression, that is normally initiated by irritant 
exposures (ASTM, 1984; Brain, 1970; Yokoyama and Frank, 1972). In 
general, an increase in flow rate will alter the deposition of inhaled 
particles and reactive gases to all regions of the respiratory tract. 
This may consequently result in a redistribution of the dose pattern and 
a change in the total combined dose delivered to all regions. These 
factors are likely to produce an increased physiologic response to a 
toxicant. Studies in both humans and animals have supported this. 
(DeLucia and Adams, 1977; Folinsbee, et al., 1977; Sheppard, et al., 
1981; Silverman, et al., 1976; Mautz, et al., 1982). Exercise can 
effectively increase the rate of toxicant delivery by a factor of 10. 

For the purpose of examining the effect of exercise as a modifier 
of the toxicological response to an inhaled toxicant relative to 
sedentary exposures and to evaluate performance and escape potential, 
the guinea pig ergometer has been deve loped. The development of the 
guinea pig ergometer and exposure system was a formidable task. To 
establish an appreciation of the overall running inclination of the 
guinea pig, several test approaches were made. 

The running behavior of guinea pigs was first observed inside the 
roughened surface of a large plexiglas tube. This consideration was 
based on the remarkable enthusiasm displayed by both rats and mice 
running in activity wheels, likened to those found in a pet shop or 
actually used for experimental purposes (Crane, C.R., et al., 1977; 
Kishitani and Nakamura, 1979). The guinea pigs displayed no interest in 
walking the interior of the plexiglas tube. 

A reconstructed conveyor belt was examined next. The idea stemmed 


from various devices described in the literature that was used to 
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successfully condition guinea pigs to run. Guinea pigs were trained to 
run primarily on variable speed and angled motor driven tread-mills. 
Histochemical changes in muscles in response to exercise was the basis 
of most of these studies (Maxwell, et al., 1973; Faulkner, et al., 1972; 
Bernard, et al., 1971). Cellular changes in bone (Williams and Brandt, 
1984) and changes in adipose tissue (Pitts, et al., 1971) were also 
studied in the exercising guinea pig. Pasquis, et al. (1970), examined 
V0> in several species of rodents including the guinea pig. During 
experimentation with the conveyor belt guinea pigs pene inclined to run 
most reliably at either end of the machine where the textured belt was 
advanced by two drums. This observation led to the development of an 
apparatus whereby the guinea pigs could run over the top of a wheel with 
a similar arc as the drums of the conveyor. The first model was similar 
to the current design diagramed in Figure 1 except that the wheel was 
not enclosed. A 2.2L stationary curved plexiglas chamber served to 
confine the running animal at the top of the wheel and functioned both 
aS an exposure chamber and whole body plethysmograph. A flexible gasket 
and silicone grease between the rubber running tread and exposure box, 
and the application of tension by two adjustment screws sealed the 
exposure box to the wheel. A delicate balance of tension was required 
to seal the system yet permitted the wheel to turn to exercise the 
animal. Although this design was adequate for preliminary studies with 
carbon monoxide and monitoring the physiologic response of exposed 
guinea pigs, its long term technical integrity for body plethysmographic 
measurements (f and AP) was questionable. The seal had a tendency to 
change during the course of an exposure. In addition, the seam on the 


rubber tread hit the gasket on the exposure box two times (front and 
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rear of the box) per revolution of the wheel. As a result, respiratory 
event signals were continously obstructed by associated large pressure 
changes with each hit. With this iocecty respiratory measurements were 
only possible when the wheel was abruptly stopped during the course of 
the running protocol of the guinea pig. 

In other apparatus designs where V05 was monitored in active 
rodents such as while swimming (McArdle, 1966) or while running on a 
tread-mill (Pasquis, et al., 1970; Mautz, et al., 1985), the entire 
activity area was enclosed, but its volume was too large to be used as a 
whole body plethysmograph for measuring f and AP. An enclosed system of 
low volume is needed for whole body plesthysmography as well as for 
rapid mixing of introduced toxicants. This led to the design and 
construction of the current ergometer where a keystone shaped exposure 
chamber completely enclosing the running animal and wheel. This was 
certainly an improved design, although additional modifications (new 
door gasket and selectively placed bolts and wing nuts) to inhibit the 
leakage of gas and loss of pressure about the door and axis of the wheel 
were required. The guinea pig ergometer presented in Figures 1 and 2 
resulted from these final nentenee ee This apparatus and the 
exposure and analytical system shown in Figure 3 provided the basis for 
exercise vs. sedentary exposure toxicity comparisons as well as 


performance evaluation in guinea pigs exposed to CO or HCl. 


B. Significance of f, AP, VO5 and VCO. Measurements 


Although the measurement of a variety of physiologic parameters 
would contribute to an evaluation of toxicity and performance in animals 


exposed to inhaled toxicants, it was thought that f, AP, Vo and VCOs 
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were the most relevant. Both mice (Matijak-Shaper and Alarie, 1982, 
ASTM, 1984) and guinea pigs Burleigh-Flayer et al., (1985) have 
responded to the inhalation of asphyxiants and irritants by very 
specific changes in respiratory patterns. The appearence of these 
patterns, therefore, during an exposure would help to characterize the 
nature of toxic insult. An assessment of Ve would provide information 
relevant to dose or uptake of the toxicant. From a physiologic 
standpoint V0» is an overall index of eneruy expenditure, influenced by 
an integration of many physiologic processes. If a system is insulted 
during a toxic exposure, metabolic exchange as measured by V0> -and VC02 
is likely to be compromised. From the standpoint of model design, 
measurement of V0» and VCO» Provided a basis for standardizing the 
physiologic state of exposed animals from one experiment to another, and 
subsequently from one species to another. All of the aforementioned 


physiologic parameters can also be measured non-invasively. 


C. Comparison of Sedentary Exposures and Exposures During Exercise 
1. Air Control, Sedentary 


The ventilatory variables f and AP determined from the sedentary 
guinea pigs in this study are consistent with those described in the 
literature (Mortola and Noworaj 1985; Wong and Alarie, 1982). Oxygen 
consumption measurements were similar to those determined by Ferguson 
(unpublished data) using a similar exposure and 0» analytical system. 
Mortola and Noworaj (1985) have reported ventilatory variables and 
oxygen consumption in a variety of newborn and adult mammals, including 
the guinea pig and human (Table 9). Their oxygen data has been 


recalculated and expressed in ml/kg/min for the purpose of comparison 


TABLE 9 


VENTILATORY VARIABLES AND OXYGEN CONSUMPTION 
IN NEWBORNS AND ADULT MAMMALS 


Species BW Ve Vr F Vo2 Von References for ventilatory References for 
Mowboaras 
Mouse 2.5 2.5 0.016 146 0.073 29.2 Mortola and Fisher (1980) Fitzgerald 
Mortola (1984) (1953) 
Hamster 6.4 3.0 0.038 85 0.197 30.8 present study . Bartiett and 
Areson (1977) 
Rat pave 66 0.066 109 0.141 196 Mortola and Fisher (1960) Taylor (1960) 


Mortols (1964) 
Rabbit 793 335.4 0863 76 1.67 74, Ws | Mortola and Fisher (1980) Hull (1963) 


Mortola (1984) 

Guinea Pig 91.1 76.1 067 123 1.73 18.9 Mortola and Fisher (1960) | Adamsons et al 
Mortols (1984) (1969) 

Cat 118.6 935.0 143 60 2.53 PAN a, Mortola and Fisher (1960) ‘Hill (1939) 
Mortola (1964) 

Dog 297.2242 4259 Wide tSSan 1a Mortola and Fisher (1960)  Crighton snd 
Mortola (1984) Pownall( 1974) 

Pig 1167 666 142 46 198 16.9 Mortols and Fisher (1960) Mount and 
Mortola (1984) Rowell (1960) 

Man 3386 6863 20 45 23.4 6.9 Cross (1949) Talbot (1938) 


Haddad et al. (1979) 
Fisher et al (1982) 


Adatts 
Mouse 20 25. 40.15) 2163,.0:58> 227.5 Guyton (1947) Brody (1945) 
Hamster 100 49 097 33 14 14.5 Guyton (1947) © Malan and 

_ Chapin (1954) Hildwein( 1965) 
Rat 283 168 1.73 91 4.1 14.3 Guyton 1947) Brody (1948) 


McCutcheon (1951) 
Lai et al. (1978) 
Leong et al. (1964) 
Bartlett and Tenny (1979) 
Rabbit 2170 480 6 79 «17 78 Maskrey and Nicol (1980) Lee (1939) 
| 


Guinea Pig 461 1588 18 87 62 12.9 Guyton (1947) Brody (1943) 
McCutcheon (1951) 

Cat 2700 626 24 26 30.6 ies Gautier (1976) Brody (1945) 
Wang et al. (1948) 

Dog 27500 3670 260 16 «131 a0 McCutcheon (1951) Brody (1945) 
Amoroso et al. (1964) 

Pig 223000 37000 - = SP4t/ 74g Brody (1945) Benedict( 1938) 

Brody (1945S) 
Man 69000 7260 584 135 241 = os Guyton (1947) Brody (1945) 


Hemingway et al. (1956) 


BW, body weight (9): Ve. minute ventilation (mi-min™'): Vy. tidal volume (mi); F, respiratory 
frequency (breaths-‘min™!): Vo2: oxygen consumption (ml min7!); Voo oxygen consumption 
(mikg” | min7!) 


TABLE MODIFIED FROM MORTOLA AND NOWORAJ, 1985 - 
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among the different species of animals in different studies and with our 
results. The average resting V0. measured in all normal guinea pigs in 
the present study (approximately 20 ml/kg/min) was higher than those 
reported both by Mortola and Noworaj (1985), and by Pasquis, Ctged ls 
(1970), who determined a range of 10.3 to 18.9 ml/kg/min for the guinea 
pig at rest. The guinea pigs of the present study were 6-8 weeks old 
and not at rest but rather were free to move about and explore their 
exposure chanber. Their young age and this activity could account for 
the higher observed VO>. Compared to the human (Table 9) the VO, of the 
sedentary guinea pig is 2.7 to 3.6 times higher both as a newborn and as 
an adult. It is about the same as the rat throughout life and from 1.6 
to 2.1 times lower than the laboratory mouse. 

With increasing muscular work, there is a parallel increase in VOo 
and VCO>. The normal pulmonary response to muscular exercise is a 
precise integration of changes necessary to satisfy these increased 
demands. When a work load is gradually increased, the increase in 
oxygen demand is met by an increase in Ve. An elevated Ve results from 
alterations in both f and tidal volume (4P). At low levels of work in 
humans, the increase in tidal volume is the major component. § Tidal 
volume plateaus at approximately one half the vital capacity ( 4% of 4.8 
L in a healthy male) with progressively higher work loads, while f 
continues to increase up to 50 breaths/min from a resting level of 10 
breaths/min (Bove and Lowenthal, 1983). In contrast, the guinea pig 
immediately increased its f at the onset of exercise more so than «AP. 
Within 10 minutes into the 55-minute running protocol f increased to 
nearly 3 times baseline and AP only to approximately 1.3 times 


baseline. It has been postulated that this difference between humans 
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and a quadrupedal animal such as the guinea pig may be related to the 
coupling of locomotion to respiratory rate. The quadrupedal gait 
producing more chest wall deformation with locomotion thus favoring a 
larger increase in f than in AP in guinea pigs (Bramble et al., 1983). 
Also in a furry animal such as the guinea pig, thermal polypnea would be 
favored (Dempsey et al., 1985). This response of the guinea pig to 
exercise is also in distinct contrast to their respiratory response to 
10% CO> where AP normally increases by 3 times and f by 1.5 above 
baseline (Wong and Alarie, 1982). Their response to COs is similar to 
the response in humans where tidal volume also increases to a larger 
extent than f (Alarie and Schaper, 1987). 

Since in mammals metabolism is essentially aerobic, VO> is an 
indicator of energy expenditure. Guinea pigs that ran the 55-minute 
running protocol clearly increased their VO» and coincident VC05 in 
response to progressively higher ergometer speeds and reached a steady 
submaximal VOo 2 to 2.5 times that of baseline (40 - 50 m1/kg/min). 
Pasquis, et al. (1970) determined V0> max for the guinea pig to be 6.5 
times baseline. This increase in V0» between rest and maximal exertion 
a called the scope of metabolic activity, or "metabolic scope" 
(Schmidt-Nielsen, 1984). Similar metabolic scopes (6 to 8 times resting 
VO») have been determined for mice, rats and hamsters as well (Pasquis, 
et al., 1965, 1970). The guinea pigs in the present study running at 
1.59 km/hr reached a V0> between 25 and 30% of their Ty max. The 
resting V0. reported for the human adult male is approximately 3.5 
ml/kg/min (Selkurt, 1976; Mortola and Noworaj, 1985; Bove and Lowenthal, 
1983) and VO max range of 24 - 65 ml/kg/min (average 44 m1/kg/min) 
dependent on level of training (Astrand and Rodahl, 1977; Selkurt, 1976; 
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Bove and Lowenthal, 1983). The metabolic scope of the human 
consequently ranges from 10 to 18. If an untrained male were exercising 
like the guinea pig at 25% to 30% of a VO> may of 44 m1/kg/min, he would 
be running at a V0> range between 11 and 13.2 ml/kg/min. This V05 range 
is associated with moderate exercise (deVries, 1983; Vogel and Gleser, 


1972). 


2. CO, Sedentary 


Compared to other species of mammals including humans, the results 
of the present study show that the guinea pig is highly resistant to the 
asphyxiant carbon monoxide. No other data has been located in the 
literature involving guinea pigs exposed to CO. The Ct range for lethal 
effect of CO in sedentary exposed guinea pig (62,640 to 84,800 ppm.min) 
is significantly higher than those reported for other sedentary and also 
active animals ( ~ 35,000 ppm.min, See Table 4). The LCcsg in guinea 
pigs (17,129 ppm CO) is approximately 5 times the LCsq of 3,000 to 3,500 
ppm CO for the mouse (Matijak-Shaper and Alarie, 1982; Esposito, 1987) 
and 3 times the LCso (4,600 ppm CO) of the rat for a 30 minute exposure 
(Levin, et al., 1987). The VO, and f of the mouse are _ each 
approximately twice that of the guinea pig (Table 9) and is likely to 
contribute to the difference in uptake of CO and in its toxic effects. 
The rat, however, has a similar respiratory rate and VO> as the guinea 
pig both as a newborn and adult. The difference in lethality reported 
in these two species and higher resistance to CO by the guinea pig 
cannot be explained on the basis of V0. and Ve alone. Preliminary work 
with low oxygen and hydrogen cyanide (unpublished data) tends to support 
the notion of the quinea pig being more resistant to asphyxiating 


conditions than mice. 
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Carboxyhemoglobin measurements were taken from sedentary guinea 
pigs exposed to CO (14,500 to 19,000 ppm) both at S-incapacitation and 
death (Table 6). Over the course of a 30 minute exposure S- 


incapacitation (100% of animals) occurred 2 to 6 times earlier than the 


mean time to death, and some animals did not die. The %COHb measured at 
death (93.5%) was higher than that associated with S-incapacitation 
(85.9%) although the difference is small and not statistically 
significant. Subsequent to S-incapacitation an observed decline in f 
coincident with progressive asphyxiation, is apparent and death then 
resulted at just a slightly higher %COHb. The %COHb from rats exposed 
to carbon monoxide (resulting from flaming Douglas fir Birky, et al., 
1980) ranged from 40 to 80% COHb at incapacitation (foot flexion, 
Packham, et al., 1977) and was approximately 86% COHb at death (Levin, 
et al., 1987). The wide range of %COHb at incapacitation is based on 
some of the mechanistic difficulties associated with the foot flexion 
apparatus (personal experience) and often subjective determination of 
incapacitation. If an objective model established incapacitation in the 
rat, both the incapacitating and lethal %COHb might be similar to the 
guinea pig, again with death following incapacitation. Carboxyhemo- 
globin measurements were taken from CO exposed mice by Esposito and 
Alarie (1987). The lethal concentration (3,000 ppm) for these mice 
resulted in approximately 65% COHb, much lower than has been found in 
the guinea pigs of this study (93.5%), rats (86% and 87.4%) from the 
studies of Birky, et al. (1980) and Packham, et al., (1977) and human 
suicide victims when CO is the primary toxicant such as when running a 
car in a closed garage (95%) Esposito (1987). It has been commonly 


stated that humans are severely compromised, at a %COHb range of 30-40% 
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(Kaplan, et al., 1984; Kimmerle, 1974) and probably more so at 50% 
(Haldane 1895). Also 50% COHb is often taken as a lethal level in 
humans. Thé average COHb level in fire deaths occuring in Allegheny 
County during the past 3 years was found to be 63% (Esposito, 1987) but 
the range is wide and complicated by the presence of HCN and probably 
also by oxygen deficient at atmospheres. The average %COHb in fire 
deaths was reported at 45.8% by Anderson et al. (1981), again with a 
wide range and the presence of HCN. The reason for the difference in 
the lethal %COHb among the mouse, rat, guinea pig and human 1S°50n 
interest. In ai RG Studies, samples of whole blood were each 
exposed to 100% CO in vitro for a given time. The %COHb was 
consistently highest in the guinea pig, followed by the human, and then 
the mouse. The guinea pig/human and mouse/human %COHb ratios were 
approximately 1.07 and .61, respectively (Malek and Esposito, 
unpublished data). Although these studies are not conclusive and 
certainly need to be pursued, these data suggests that the kinetics of 
“%COHb formation in these species is different (faster in the guinea pig) 
and the resistance to CO exhibited by the guinea pig versus the mouse 
may not be explained solely on the basis of Ve and VO>. Thus, in 
sedentary conditions, comparing the effect of CO in rats, mice, guinea 
pigs and humans is complicated by the fact that death occurs at 
different COHb levels and these lethal COHb levels are produced by 
different exposure concentrations of cO. This can be seen in Table 10 
which summarizes the findings just discussed. From this table the 
lethal CO concentration for guinea pigs is twice the concentration 
required for humans while the guinea pig lethal COHb level is 14% higher 


than humans. 


Ef 


Table 10 


Differences in lethal levels of COHb in different species 
and the CO exposure concentration necessary to produce these levels 


Mice Rats Guinea Pigs Humans 
ere ene See he 5,000 or 80008 
(ppm ) 
scoHb «6 4? gac 94d 50 or sof 
at LCsg 


Exposure duration of approximately 30 min with deaths age during 
exposure or shortly after 


From Esposito (1987) 
From Levin, et al. (1987) 
Present study 


Calculated values (from Stewart, 1973) to produce either 50% or 80% COHb 
respectively within 30 minutes in a sedentary adult 


80% COHb was taken when CO was the only or major constituent (Esposito, 
1987; Haldane and Priestley, 1935) while 50% COHb was taken when CO was a 
major constituent among other toxicants that were likely to contribute 
smoke, i.e., from a fire. For comparison with the other species where 
pure CO is used, 80% COHb should be used for humans. 
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Unlike mice exposed to CO concentrations around their LCso 
(Matijak-Schaper, 1982), guinea pigs similarly exposed about their LC5q 
were fast to recover following exposure. During recovery the VO>, VC0> 
and f of the guinea pig increased rapidly to levels between one and two 
times above baseline. Thus the guinea pig was not only resistant to 
high concentrations of CO during exposure, but also had the physiologic 
integrity to compensate for the insult post exposure. This is another 
factor to take into consideration when trying to explain survival of 
victims rescued from fires. 

3. (CO during exercise 

Based on air control data from guinea pigs that followed the 55- 
minute running protocol resulting in a 2 to 3 fold increase in f, iy) 
and VC0> it was assumed that exercising guinea pigs would be at least 
twice as sensitive to CO as sedentary exposed animals. This was the 
justification for examining 2,200 ppm and 8,290 ppm CO during running 
exposures as these concentrations were approximately 2 to 3 fold less 
than 5,700 and 17,500 ppm CO concentrations previously studied in 
sedentary nines pigs. Time to effect (incapacitation and death) data 
were compared for these exposures in Table 4. During the 17,500 ppm CO 
sedentary exposure (Figure 9) guinea pigs were S-incapacitated at a mean 
time of 4.4 minutes; f, V0o and VC0> dramatically declined and aP 
alternatively increased. These physiological events are indicative of 
severe asphyxiation (Matijak-Schaper and Alarie 1980) that surrounded 
the death of 3 out of 4 animals. As expected, the 8,290 ppm CO exposed 
running animals, similar to the 17,500 ppm sedentary exposed guinea 
pigs, were E-incapacitated at approximately 4 minutes. These animals, 


however, showed significantly less signs of asphyxiation (after their E- 
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incapacitation and stopping the running wheel) and no death occurred. 
Despite the same time to incapacitation in these two aforementioned 
experiments, the nature of incapacitations of each were different. 
Sedentary animals exposed to CO simply sat and were not required to 
perform work. At the time of falling to their sides at S- 
incapacitation, they ere clearly unconscious, and if the chamber were 
shaken the guinea pig barely stirred. In running exposures, guinea pigs 
had a high metabolic exchange. They also collapsed unconscious, the 
wheel was stopped and the guinea pigs continued to be exposed to CO but 
now in a sedentary mode at a lower metabolic level. 

During the performance of muscular exercise such as running, 
cardiovascular changes such as increased cardiac output, preferential © 
diversion of blood to working muscles and extraction of greater 
quantities of oxygen from arterial blood, take place. Under normal 
human resting conditions the amount of blood flowing through the 
skeletal muscles is approximately 15% of total cardiac output (where 
cardiac output is 4-6 L/min) with an 05 extraction, or arterial venous 
difference (a-v0>) of 40 - 50 ml 0O9/L blood. During normal maximum 
exercise the a-v09 difference could be as high as 3.3 times resting or 
165 ml O9/L blood (Astrand and Rodahl, 1977). This higher utilization 
of the oxygen transported by the blood is attained in two major ways: 
(1) the flow of blood is redistributed during exercise so that the 
skeletal muscles, with their enhanced ability to extract O09 may now | 
receive 80 to 85% of the cardiac output compared to 15% at rest (2) 
the oxygen dissociation curve is shifted to the right so that more 
oxyhemoglobin is reduced (less % QjHb) than normally at a given PQo. 


During inhalation exposures to carbon monoxide resulting in_ the 


formation of COHb, the oxygen dissociation curve shifts to the left 
(less PQ> is required to saturate available Hb). Carbon monoxide not 
only reduces the amount of hemoglobin available for oxygen transport, 
but also inhibits the unloading of oxygen in the tissues (West, 1979). 
Some evidence does exist, however, that compared to hypobaric hypoxia, 
CO hypoxia produces a lower mixed venous 02 tension, where more 0» was 
extracted (Vogel and Gleser 1972a; Klausen et al., (1968) This may be a 
compensatory mechanism for the increased affinity of Oo for hemoglobin 
(left shift of 02 dissociation curve) in the presence of CO (Vogel and 
Gleser, 1972a). Several studies have shown that VO» max Of humans 
exposed to low 09 environments, is reduced approximately proportional to 
the resultant decrease in arterial QO content (Hughes, et al., 1968; 
Stenberg, et al., 1966; Vogel, et al., 1969). Vogel and Gleser (1972b) 
have reported that human’ subjects exposed to low (225 ppm) 
concentrations of carbon monoxide, (18 - 20% COHb) also have a decreased 
VO> max proportional to loss in arterial Oo content. They also report 
that submaximal V0, for a given work load was the same either exposed to 
air or CO (gross efficiency was not affected by CO). 

The guinea pigs in the present study were exercising at submaximal 
VO>. Regardless of increasing %COHb with time they were forced to run 
at the same given work load (running speed = 1.59 km/h) with the same 05 
requirements as when exercising in air. These requirements were met and 
maintained (VO> and VCO, plateau, Figures 15 to 19) until the oxygen 
demand was greater than the availability of 09 resulting in failure to 
run (slipping and sliding) with a coincident decline in V0. followed by 
collapse (E-incapacitation). Although %COHb was not measured it must 


have been less than 86% found at S-incapacitation particularly for the 


group exposed at 2,200 ppm. Now, after E-incapacitation and therefore 
in a sedentary mode where the metabolic demand of skeletal muscles was 
lower the running guinea pigs that had collapsed were observed to 
recover (eyes blinking, looking about, occassional chewing and taking a 
step or two) never falling to their sides like the sedentary exposed 
animals, despite their continued exposure to CO. These observations 
were more common particularly in the 2,200 ppm exposed group which is 
not an incapacitating concentration for a sedentary guinea. Although 
these guinea pigs were clearly not unconscious they could not be 
motivated to run again and would certainly collapse if forced to exert 
themselves. 

There have been anecdotal accounts of humans exposed to fire smoke 
where the victims have reported similar nonfunctional states, as were 
observed in_ the guinea pig, yet were somewhat aware of their 
Surroundings and had the intention to escape but just couldn't and had 
to be rescued. Also, fire victims on numerous occasions have apparently 
moved some distances in the escape process but have been found dead 
within a few feet of an exit door. It seems that in the case of both 
the human and the guinea pig a critical loading of CO is required before 
compensatory mechanisms fail, that lead to sudden collapse and 
impossibility to move. The experiments by Haldane (1895) on himself 
show this phenomenon. At 40 - 50% COHb he could sit or stand but it was 
impossible for him to move or he would collapse. 

gee le } 

Hydrogen chloride was selected as the prototype irritant for 

performance evaluation because it is a very common and dangerous 


constituent of fire smoke, particularly when polyvinylchloride (PVC) is 
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thermally decomposed (Wooley, 1971; Paciorek, et al., 1974). PVC 
material is currently ubiquitous and consequently has a high probability 
of being involved should a fire develop. 

Sedentary guinea pigs were not exposed to hydrogen chloride in the 
present study. The most comprehensive study of this nature was carried 
out by Burleigh-Flayer, et al. (1985), the results of which will be 
compared to guinea pigs exposed to HC] while running. Burleigh-F layer, 
et al. (1985) exposed sedentary guinea pigs for 30 min to HCl ranging 
from 320 to 1380 ppm while their ventilation was continuously monitored 
by a body plethysmograph. 

A respiratory pattern, characterized both by a decrease in f and an 
extended expiratory phase due to stimulation of the trigeminal nerve and 
indicative of sensory irritation (Alarie, 1973) was observed within 6 
min of exposure at. all concentrations. Pulmonary irritation, 
characterized by an initial increase in f, followed by a decrease due to 
a pause after each expiration was observed in all animals within 20 
minutes of exposure. This respiratory pattern is associated with 
pulmonary irritation and the stimulation of irritant receptors within 
the lung (Alarie, 1981). Guinea pigs exposed to 1040 ppm HC1 showed 
signs of pulmonary irritation after 8.5 min of exposure. These results 
in sedentary guinea pigs exposed to HC] reported by Burleigh-Flayer, et 
al., (1985) were consistent with those described by investigators 
involving other laboratory animals (Darmer, et Ale 1974); Machle, et 
al., 1942). Based on the results of these investigators, the LCsg for a 
30 min HCl exposure and 16 day post exposure observation for sedentary 
guinea pigs is between 1380 and 4416 ppm. Flury and Zernik (1931) 


exposed a variety of animals, such as the dog, cat, pigeon, frog, 
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rabbit, rat, mouse and guinea pig to HCl. They found all species 
resistant to HCl except for the rabbit and guinea pig. In rabbits they 
report an intoxicating syndrome as "sleep inducing". The guinea pig 
reacted differently, as laryngeal spasm and bronchospasm seem to be the 
dominant effect at low concentrations of HCl. These results support an 
LCsg at the low end of the aforementioned range suggested. The LCcq for 
the mouse and rat for a 30 minute exposure and 8 day post-exposure 
observation period was determined to be in the range 2264 to 3086 and 
4129-5352 ppm HC] respectively (Darmer, et al., 1974). The studies of 
Anderson and Alarie, (1980), however, reported a significantly higher 
lethal concentration range (10,157 ppm) for mice exposed to HCl for 30 
min. However, in mice fitted with tracheal cannula to prevent the 
scrubbing action of the nasal mucosa the LCcq was reduced to 1,095 ppm 
(Anderson and Alarie, 1980). Consistent with the observations of Flury 
and Zernik (1931), with regard to acute lethality the guinea pig is 
considerably more sensitive than either the rat or the mouse. 

The HCl-exposed guinea pigs in the present study were previously 
trained by the 55-minute running protocol but were not monitored for 
physiologic events during the exercise exposure. Based on _ the 
Physiologic profile of the air control running guinea pigs it was 
assumed that the 5 guinea pigs exposed to HCI] were at a comparable 
physiologic level VO> 2 to 2.5 times baseline, when the exposure was 
initiated at 10 minutes into the running protocol. Although a 30 minute 
exposure to HCl was intended, the dramatic incapacitating and lethal 
effects resulted in exposures of less than 4 minutes. The observations 
recorded from these animals are summarized on Table 8. The E- 


incapacitation in these guinea pigs exposed to HCl] was significantly 


te 


a 


different than the E-incapacitation obtained with CO. With HCI they 
were coughing, gasping for air and death occurred via suffocation for 
guinea pigs exposed above 530 ppm. Normally the eyes of the guinea pig, 
similar to the albino rat and mouse, are bright red reflecting 
oxygenated blood. During the exposure to HC] the eyes became blantantly 
dark, as did the ears and paws which are normally pink. It is clear 
that the guinea pigs became asphyxiated apparently due to spasm of the 
larynx and probably the bronchi. The guinea pig that survived the 411 
ppm, 3.5 minute exposure, was able to walk again after 7 minutes of 
recovery in air; however, it showed evidence of noisy, labored 
breathing. Upon gross pathological examination, the Jungs of this 
animal, sacrificed approximately 3 hours after exposure, showed smal] 
hemorragic spots on all lobes, while hemorragic areas were more 
pronounced on the lungs of those guinea pigs that died during the 
exposure. The ppm difference between the guinea pig that Fed and 
those that died was less than 200 ppm. Clearly a steep concentration 
response curve would result with further examination of HCl] by this 
method. 

Compared to sedentary exposures, the observed toxicity of HCl was 
significantly greater in guinea pigs exposed while running. The average 
concentration of HCl in this study that killed during exercise was 586 
ppm. This concentration is close to half the concentration of HC] (1040 
ppm) examined by Burleigh-Flayer, et al.(1985) in sedentary animals. 
Yet all running guinea pigs were E-incapacitated and died within 1 and 5 
minutes respectively while in sedentary animals no incapacitation or 
death occurred during the 30 min of exposure to 1040 ppm of HCl. Death 


occurred only post-exposure in sedentary animals at this concentration. 
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In order to produce death only post-exposure, for a 30 minute exposure 
during exercise HC] may need to be reduced by a factor of 8 to 10 (73 to 
58 ppm) from the concentration range used in this study. The increased 
Ve resulting from the metabolic demands of axGnciae may overide the 
protective reflex mediated respiratory rate depression normally observed 
in response to an irritant such as HC]. The sedentary guinea pigs 
exposed to HCl by Burleigh-Flayer, et al. (1985) showed this reflex 
reaction clearly. In addition an increase Ve would deposit a higher 
amount of this irritant into the respiratory tract. These factors would 
account for-the enhanced toxicity of HC] during exercise relative to a 
sedentary exposure. 

Based on the examination of guinea pigs exposed to HCl and the 
limited data for HCl exposure in man provided by Matt (1899), Flury and 
Zernik (1931) and Henderson and Haggard (1943) proposed that a 1000 - 
2000 ppm range of HC] would be dangerous in a short period of time since 
the same mechanisms (laryngeal constriction and swelling § and 
bronchoconstriction) were operating in both humans and guinea pigs. 
Since the human does not have the same capability to scrub this gas by 
the nose compared to the guinea pig, humans have the potential to absorb 
more at the laryngeal and bronchial levels given the same airborne 
concentration. The proposal of Flury and Zernik (1931) and Henderson 
and Haggard (1943) seem to be reasonable in that they were adopted by 
the National Academy of Sciences (1976). Should an exercising human be 
exposed to HCl the situation may also be significantly more dangerous. 
The following conclusions were made by Matt (1889) after studying the 
effects of HCl on a few active humans, which is very limited information 


but the only experimental data available for HCl in humans. 
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HCl Conclusions by Matt (1889) 

10 Work possible without impairment 
10-50 Work possible but with hinderance 
50-100 Work impossible 


This would also be consistent with the prediction that 300 ppm HCl would 
produce intolerable sensory irritation in humans (Barrow et al.1977). 
However, again this prediction was made from an animal model rather than 


_ from direct observation in humans. 


D. Comparison of Toxic Potency of CO vs. HCl : 

Compared to carbon monoxide, hydrogen chloride was clearly the more 
potent agent under both sedentary and exercise conditions. During 
sedentary conditions deaths were not observed until 17,500 ppm of CO. 
At this concentration, 75% of the guinea pigs died during exposure, with 
the first animal succumbing at approximately 13 minutes. Under 
sedentary conditions and exposure to HC] (Burleigh-Flayer, et al., 
1985),. deaths were first observed above 1040 ppm HCl]. HCl produced 
lethality in the guinea pig at a concentration approximately 13 times 
lower than CO produced under similar exposure conditions. The greater 
toxicity of HCl compared to CO appears to be more pronounced in the 
guinea pig during exercise. In the present study, death occurred within 
5 minutes at an average concentration of 586 ppm HC]1. Based on the 


enhanced toxicity to CO observed during exercise compared to sedentary 
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conditions, the concentration of CO during exercise that might produce 
Similar effects (fast incapacitation and lethality), as the HCI 
experiments would likely be in the range of 10,000 to 12,000 ppm CO. dg 
this were a correct estimate, then exposure to HCl during exercise would 
be 18-20 times more toxic. Thus, exercise further increased the 
relative toxicity of HCl versus CO if compared to the sedentary 
condition (13 vs 18-20 times). HCl has a direct, quick-acting irritant 
effect on the respiratory tract resulting in laryngeal spasm and 
bronchospasm which results in suffocation (asphyxiation). Exercise 
served to increase penetration of HC] faster and deeper in the Jung and 
further exaggerated this irritant effect. In comparison, systemic 
asphyxiation by CO took longer than asphyxiation by HCl despite faster 
loading of CO by exercise. 

In the mouse track model (Malek, et al., 1987) mice were fitted 
with tracheal cannulas prior to HC] exposures while running. By this 
surgical procedure, HC] was not scrubbed by the mouse nose and was 
deposited more directly into the lung. Running mice were exposed to an 
HCl range of 900-2150 ppm. The number of animals that were incapacited 
was concentration dependent and 3 died at the highest concentration. 
Regardless of exposure concentration (900-2150 ppm) those mice that 
became incapacitated did so at 4 minutes. Running mice were also 
exposed to CO (2,500 to 7,200 ppm) and incapacitation was also 
concentration dependent. Mice were incapacitated at a mean time of 4 
minutes at 6,000 ppm but no deaths occurred. Given the same exposure 
conditions of this model, it is predicted that much _ higher 
concentrations of CO would be necessary to produce death. From these 
data again, exercise appears to exaggerate the toxicity of HCl more than 


FoGrGu: 
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E. Comparison of Sublethal Responses to Other Escape Models 


The Introduction section of this thesis reviewed the behavioral 
models that have been developed with the intention of evaluating the 
potential to escape from fire smoke environments. The designs of these 
models feature sublethal endpoints that have little to do with the 
escape process. They fail to examine the capability of a test animal to 
move a required distance to escape. The elaborate baboon escape/ 
avoidance model has methods that would test the decision making ability 
of these animals upon exposure to CO or HCl. If possible, the "ideal" 
model might involve a psychological/cognitive assessment paradign, as 
this undoubtedly does affect overall behavior, but to be included only 
in addition to a definitive test of physiological integrity. Despite 
severely debilitating exposures to hydrogen chloride, for example, the 
baboons were able to differentiate among auditory and visual cues, pull 
monesariate levers, take a few steps to clean air and by operational 
definition, "escape". The escape component was too simplistic. These 
animals would never be physiologically capable to move great distances 
(work) if challenged to do so. 

Due to the inquisitive nature of mice, they conveniently ran on 
their own volition in the mouse track model (Malek et al., 1987). This 
design led to the recognition of early ( < 2 min) toxic effects where 
distance traveled/time decreased in a concentration dependent fashion. 
In addition to this sublethal response, incapacitation was observed. 
Since the guinea pig needs to be enticed to run, and the speed at which 
they ran was fixed, a graded decrement in their running speed like that 
determined in the mouse was not possible. . However, distance traveled 


before incapacitation could be determined, as the travel speed 1.59 km/h- 
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was known. An “all or nothing" incapacitation response associated with 
many behvaioral models has been critized in support of a graded response 
shown in the mouse track model (Malek, et al., 1987). However, collapse 
of a guinea pig subsequent to running a quantifiable distance in a given 
toxic environment is equally relevant to _ escape evaluation. 
Incapacitation-collapse in the ‘guinea pig ergometer model is an 
irrefutable objective behavioral endpoint. A rapid decline in VO> 
jmmediately prior to collapse | validates the occurrence of 
jncapacitation. 
F. Extrapolation of Findings in Running Animals to Humans 

Several human studies have shown that VO» max decreases 
proportionately with an increase in %COHb resulting from exposure to 
carbon monoxide (Pirnay, et al. , 1971; Vogel and Gleser, 1972, Vogel, 
et al., 1972, Vogel, et al.., 1972; Horvath, et aloe, (02/5 0G Grane 
Hvot, 1972). E1lblom and Hvot (1972) not only examined changes in V0o 


max out also maximal work time (MWT) in CO exposed humans. In this 


study these parameters were examined in two groups of subjects 
maintained at approximately 7% and 20% COHb respectively. Compared to 
control exposure, the MWT observed in subjects on a bicycle ergometer 
decreased from 4 min 11 sec to 3 min 14 sec (24% decrease) at 7% COHb 
and to 2 min 27 sec (40% decrease) at 20% COHb. Similar exposure groups 
exercising on a treadmill decreased MWT from 5 min 32 sec in air to 4 
min 4 sec (26% decrease) at 7% COHb and to 2 min 54 sec (48% decrease) 
at 20% COHb. Both the decreases, in MWT and VOo max as a function of 
blood COHb are presented in Figure 20. Nearly a 50% reduction in work 
time (although running speed was not reported) occurred at 20% COHb. 


Although the guinea pigs in the present study were only running at 30% 


Figure 20. 
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VO» max » their collapse time was similar to guinea pigs exposed in a 
sedentary mode, yet their exposure was less than half the sedentary 
exposure concentration of CO (5,700 vs 2,200 ppm CO). Decreased 
distance traveled (work time) was also observed during a running 
exposure to 8,290 ppm compared to running at 2,200 ppm CO and certainly 
to the air exposed guinea pig able to complete the 55-minute running 
protocol (Table 4). Although the %COHb at _incapacitation was not 
measured, the values -would likely be the same among the CO exposed 
animals (2,200 or 8,290 ppm), only the time to reach this level of 
Saturation would be different (longer at lower concentrations). 
Although V0> max WaS not measured in the mice in the mouse track mode] 
(Malek, et al. , 1987) they were estimated to be exercising at 
approximately 25 to 30% their VOo max from their running speed (Schmidt- 
Nielsen, 1984). Their distance traveled (work time) was also dependent 
on exposure concentration to CO. One major advantage that the guinea 
pig ergometer model has over the mouse track model jis an ability to 
control through V0> the level of exercise during exposure which is 
similar to the human experiments described by Ekblom and Hvot (1972). 
Because larger animals take fewer steps, they use less energy (less 
0o) to move one unit of body mass over one unit of distance. Taylor, et 
al. (1970) have demonstrated a linear relationship between oxygen 
consumption (m1 09 kg7i hr-1) and running speed (km hr7t) for several 
species of animals (Figure 21). -Since the cost of running, expressed in 
ml Oo kg7 km= (slope) for each animal is independent of speed at which 
it runs, speed as a variable can be eliminated in the calculation of 


cost. Consequently cost of running can be directly related to body 


mass. The work of Taylor (1970) and more recently the work of Schmidt- 
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Figure 21. Oxygen consumption for running mammals increases with the 


speed of running. For each species, the increase is 
linear, but the oxygen consumption increases more steeply 
for a small animal than for a large animal. From Taylor 
et al. (1970). 
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Nielsen (1984) have shown an inverse linear relationship between cost 
and body mass among various birds, reptiles and reas including humans 
(Figure 22). Cost can be calculated from the equation 
Cost =a Mp°s 

where M, body mass in kilograms, c is the exponent (slope) and a is the 
intercept at unity. If 0.32 were used as the exponent reported by 
Schmidt-Nielsen (1984) and 8.4 as the intercept taken from Taylor (1970) 
the cost of a 0.017 kg mouse is approximately 14 times and a guinea pig 
5 times that of a 70 kg human traveling the same distance. The larger 
the animal the more efficient it is. From these data it is reasonable 
to predict that humans in air would progress 5 meters for each meter 
traveled by the guinea pig. In the present study the distance traveled 
related to work time of the guinea pig was limited by exposure 
concentration to CO compared to air control. Based on the work of 
Ekblom and Hvot (1972) human work time would also decrease like the 
guinea pig, yet the human would travel 5 times further. The 5 fold 
difference in distance traveled before incapacitation, however, is based 
on the assumption that both the human and guinea pig are equally as 
sensitive to carbon monoxide, and they clearly are not as shown in Table 
10. From this table, it is reasonable to estimate that the human would 


need only to be exposed to half the running guinea pig CO exposure 
concentration yet progress (based on the calculation of cost, ml 05 kg~ 


1-1) 5 times the distance of the guinea pig. The running guinea pigs 
in the present study were exercising at a VOo, approximately 2.5 times 
resting. A human with a similar increase in V0. would be traveling at 
approximately 100 m/min. From this traveling speed, time _ to 


jncapacitation or total work time can be estimated as shown in Table 


mg 


Figure 22. 
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e White rat 


Ground squirrel Human 


Dog ue 


@Pony (140 kg) 


100 g | kg 10 kg 100 kg 1000 kg 
; Body weight 


The cost of running, expressed as the oxygen needed to 
transport 1 kg of body weight over 1 km, decreases with 
increasing body size. -Data for man (bipedal running) fall 
above the line representing data for mammals running on 
all four legs. From Taylor et al. (1970). 
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Bernard and Duker (1981) modified the Coburn-Forster-Kane model, 
initially used to examine the role of endogenous sources of C0, and 
developed a theorectical model that examined the effects of carbon 
monoxide on humans during work. Their subjects were theoretically 
exposed to various inspired concentrations of CO with an initial V0o of 
2 L/min, corresponding to an initial traveling speed of approximately 
170 m/min. The starting VO> in this human model represented a work 
level higher than the running guinea pigs in the present study, however 
through the course of the CO exposure the VO5 would decline to represent 
an average metabolic level increase comparable to the running guinea 
pig. Based on this assumption, distance traveled (m) and time to 
incapacitation (min) were approximated for 1,100 and 4,145 ppm CO 
(Figure 23). Time to incapacitation was read from the graph where the 
distance/time profiles just began to curve to the right. Prediction of 
human response by the model of Bernard and Duker (1981) are also | 
presented in Table ll. 

It can be seen from this table that the extrapolation to humans 
made from the results obtained in guinea pigs is in good agreement with 
the model proposed by Bernard and Duker (1981). Scientists involved in 
modeling toxic hazard in fire situations could use the results of 
Bernard and Duker (1981) for appropriate estimates of human performance 
during exposure to CO. 

Extrapolating the results of HCl] exposure obtained in guinea pigs 
to humans is more difficult due to the fact that so few experiments have 
been done with this gas in humans. However, it would be prudent to 
consider 500 ppm HCl as rapidly incapacitating in exercising humans 


until further data to the contrary. 
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Figure 23. 
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Calculated distance traveled as a function of time at 
different levels of inspired CO (ppm) with an initial 
oxygen consumption of 2.0 L/min. From Bernard and Duker 
(1981). The broken lines were added to represent 1,100 
and 4,145 ppm given in Table ll. 
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G. Suggestions for Future Studies 


Although the guinea pig has demonstrated a resistance to CO 
correction factors can be determined and used to relate the guinea pig 
to humans. The sublethal endpoint (collapse) was very sensitive to CO 
in that it occurred during exercise at a concentration much lower than 
the lethal level in sedentary animals. Some additional work with CO is 
Suggested so that a concentration dependent distance traveled curve 
could be developed. A complete evaluation of other asphyxiating 
conditions such as hydrogen cyanide and low oxygen is also recommended. 

Based on preliminary results with HCl exposures during exercise it 
appears that the guinea pig is an excellent animal model for irritant 
evaluation. The study of HCl should be pursued at exposure 
concentrations below 100 ppm so that both E-incapacitation and lethality 
would be delayed into a 30 minute exposure. It would be interesting to 
know if the guinea pig is debilitated at concentrations of HCl] described 
by Matt (1889) that makes work by humans impossible. 

In addition to the aforementioned pure gases, an evaluation of gas 
combinations and ultimately fire smoke from burning materials is of 
importance. An analysis of toxic hazard in fires requires these data. 

The protocol described for exposures during exercise can be 
modified so that the evaluation of inhaled toxicants could occur at 
various metabolic levels as measured by VO>. Such studies would require 
actual technical modifications of the guinea pig ergometer. These 
changes would include the installation of alternative gears to the motor 
to increase the maximum speed from 1.59 km/h, or placing the wedge 
shaped running area of the exposure chamber on an angle. Butn of these 


adjustments would serve to increase VQ» upon exercise. 


CONCLUS IONS 


Due to the need to generate fire smoke inhalation toxicity data in 
active animals and determine sublethal responses that would be 
escape predictive, two animal models have been developed: (1) the 


mouse track model, and (2) the guinea pig ergometer model. 


Performance evaluation in the mouse track model for CO and low 09 
and HCl was based on two sublethal responses: (1) distance 
’ traveled/time, and, (2) incapacitation. The most important feature 
this model added to the existing set of behavioral models was its 
ie: to detect an early graded deterioration in performance 
prior to incapacitation and death. HCl was the most potent 


toxicant tested. 


The guinea pig ergometer model has provided information on both a 


behavioral and physiologic basis. 


a. The model measured distance traveled before incapacitation 


(collapse), which is directly related to the escape process. 


Db. In addition this is the only model which permitted the 


continuous measurement of f, aP, V0> and VCO» while a guinea 
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Pig was running during an inhalation exposure. The V0. 
parameter has functioned to select a level of exercise and 


validate the occurrence of incapacitation. 


From the evaluation of effects of carbon monoxide and hydrogen 
chloride it is clear that the toxicity of a given exposure 


condition increased with exercise. 


Compared to the guinea pig, the human is twice as sensitive to 
carbon monoxide. Humans appear to be equally sensitive to the 
incapacitating effects of hydrogen chloride although the data 


in humans is very limited. 


Results from the extrapolation of the exercising guinea pig 
data to the human is’ similar to currently available 
theoretical models that predict human response to CO. From 
this model, the distance traveled by a human would be five 
times the distance traveled by guinea pigs at a similar level 


of toxicity for CO. 


By the escape predictive responses of distance traveled and 
incapacitation the guinea pig ergometer model can be used to 
evaluate pure gases, mixtures and products of combustion. 
This type of data is critical to an assessment of fire smoke 


toxicity hazard. 
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A. Carbon Monoxide 

Calibration 

A miran infared analyzer (Model 1A) was used to monitor carbon 
monoxide exposure concentration. Carbon monoxide in the range of 500 to 


10,000 ppm has been successfully analyzed by the following Miran 


settings. 
Wave length - 4.7 nm 
Pathlength - 14.25 metres (setting #9) 
Gain - x10 
Absorbance - 1 
Time Constant nt 25 


A chart recorder used to record the Miran output was set at 1 volt for 
full scale. During calibration the Miran was a closed 5,600 ml system, 
the contents circulated by a pump. A calibration curve was developed by 
20 (28 ml) sequential syringe injections of carbon monoxide into the 
system through a septum from a 9.84% CO balance nitrogen tank. Each 
injection was equivalent to approximately 500 ppm CO and produced a 
corresponding division deflection on the chart recorder. As the number 
of injections in the closed Miran increased, the CO ppm increased as did 
the chart defection. The concentration of each injection was calculated 


by this equation. 


. CO ; 
volume of syringe injection (m1) X calibration tank - cree 


Miran volume (m1) CO 


98 


28 mi x 98,640 ppm CO 
m 


A typical calibration for carbon monoxide up to 10,000 ppm may be 


= 493.2 ppm CO 


observed in Figure A-l. 

For the analysis of carbon monoxide concentration above 10,000 ppm, 
the chart recorded full scale was reduced to 0.5 volts and commonly 40 
sequential injections of 500 ppm each produced a calibration curve up to 


20,000 ppm CO. 


B. Hydrogen Chloride 
1. Basic Principle 


Hydrogen chloride exposure concentrations were determined 
colometrically using a modification of the Osterreiche Stickstoffwerke 
method of analysis (Leithe, 1971). The Ferric thiocynate ion (FeSCN 2+) 
is one of the last species formed in the series of reactions that occur 
in the analytical procedure. These reactions are outlined in Figure A- 


2. The concentration dependent intensity of orange/red color due to 


FeSCN 2+ is measured spectrophotometrically at 460 nm and is 


proportional to chloride ion concentration (hydrogen chloride). 


2. Reagents Required for Analysis 


1. 6N HNO3 (94.5 m1 concentrated acid/250 ml H0) 

2. FeNHg (S04) (20.0 g FeNH4 (S0q4)2/250 ml 6N HNO3) 
3. Hg (SCN) (2.5 g Hg(SCN)/250 m1 Methanol) 

4, .1N NaOH (4.0 g NaQH/1000 m1 HO 


ABSORBANCE - 4.7 nm 


Figure A-1 


CARBON MONOXIDE CALIBRATION 
| CURVE 


O 2500 5000 7500 10000 
CO - ppm 


oo 


Calibration curve for CO measured by Miran infared 


analyzer. 


Sy, 


-O1N NaOH (50 ml .1N NaQH/500 m1 HQ) 

0.1 NaCl (0.5844 g NaC1/100 m1 H20) 

0.01 NaCl (10 m1 .1N NaC1/100 m1 Hoo) 

2N HNO3 (6.3 ml concentrated acid/100 ml H90) 


100 
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3. Calibration Curve 

The standard curve for hydrogen chloride was produced by analyzing 
a series of solutions containing known concentrations of chloride (1 ml 
0.01 N NaCl. = 354.5 ug Cl-/ml). Each of these standards were prepared 
in a 50 ml volumetric flask by the addition of reagents outlined on 
Figure A-2 and Table A-l. Each standard was read against a buffer blank 
at 460 nm on a spectrophotometer (Baush & Lomb Spectronic 70) and 
plotted against their respective concentrations of chloride (ug/ml 
sample). A typical calibration curve for hydrogen chloride is presented 


in Figure A-2. 


Exposure concentrations of hydrogen chloride were determined by 


sampling at .95 L/min for 3 minutes through two in series midget 
impingers containing 30 ml of .01 N NaOH. Each impinger was analyzed 
separately. 5 ml were taken from the total 15 ml volume of the 
impinger, placed in a 50 ml flask, prepared, and absorbence read as the 
standards. The concentration of Cl” was determined from the standard 
curve (Figure A-3). Assume a sample absorbence at 460 nm was .255, and 
this corresponded to 11.5 ug Cl7/ml on the curve, HC] (ppm) was 


calculated as follows: 


Impinger 
ug Cl /ml 50 ml x volume (m1) : 
from curve sampling sampling sample from 
time (min) X rate (L/min) impinger (m1) 
11.5 ug Cl 50 ml eo VE tae fe 
3 (min) x .95 L/min 5 ml 
epi x 1 ppm = ppm Cl_ or ppm HCl 
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EXPOSURE CHAMBER 
HC] 
BUBBLED THROUGH NaOH SOLUTION 


AOD FeNHa (SOq)2 


"4 
Fescne* 


FERRIC THIOCYANATE ION 


ORANGE /RED COLOR 


Figure A-2 Sequence of reagent additions and reactions involved with 
the analysis of HC] by the Osterreiche Stickstoffwerke 
method (Leithe, 1971). 


ABSORBANCE - 460 nm 


Figure A-3 
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HYDROGEN CHLORIDE CALIBRATION 
CURVE 


0 5 10° “6™ (20% 25a 
Cl = ,2g/ml SAMPLE 


Calibration curve for HC] assayed by the Osterreiche 
Stickstoffwerke method (Leithe, 1971). 


605.3» 1 ppm 
1.47 ug C17 ~ 411 ppm HC] 


This was the first exposure concentration where running pigs were 


exposed to HCl. See Methods and Materials. 
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Appendix B 


Exposure Chamber Volume and 
Concentration-Time Equilibrium 


Calculations ™ 
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A. Exposure Chamber Volume Determination 


The volume of the ergometer was determined by a _ dilution 
technique. A Miran infared analyzer was used as a closed system having 
a volume to 5,600 ml. An aliquot of carbon monoxide was injected into 
the system through a septum and was continuously circulated by a pump in 
series with the system. The injection of gas was measured to be 5250 
ppm CO. The pump was then stopped, transport lines disconnected, and 
then reconnected to the inlet and outlet of the ergometer, now part of 
the closed system of the pump and Miran. The pump was turned on and the 
concentration of carbon monoxide was reduced from 5250 ppm to 2700 ppm 
due to the increased volume of the added ergometer. The volume of the 


ergometer was calculated. 


Miran volume (ml 
Final ppm CO 
Initial ppm CO 


Total volume of ergometer 
and transport tubes 


5,600 m1 
2600 ppm CO = 10,895 ml Total volume 
5250 ppm CO 
Total Volume - Miran Volume - Transport tube = Ergometer volume 


(m1) (m1) volume (m1) (m1) 


10,895 (m1) - 5,600 (m1) - 395 (ml) = 4,900 ml or 4.9 liters ergometer 


volume 
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B. Exposure Chamber Concentration - Time Calculations 


In dynamic exposures where a toxicant is continuously being 
introduced and exhausted, the toxicant in the chamber increases quickly 
at first from zero, then slowly approaches asymptotically a calculated 
equilibrium value, the ratio of toxicant flow to total chamber 
ventilation. Silver (1946) describes this concentration-time curve in 


the form of an equation: 


th 


= F 
Ce TE (1 - exp - Ft) 


Where Cy = Chamber concentration after t minutes of exposure 


Flow of toxicant 


f 

F - Total ventilation of chamber 

V = Volume of chamber 
This equation assumes that both f and F remain constant and complete 
mixing occurs in the chamber. The theoretical equilibrium concentration 
f/F is really never obtained due to the exponential form of the 
equation. Most commonly the concentration-time characteristics of the 
chamber are expressed by stating the time required to rea a specific 
percentage of the equilibrium. 

t, =k ° V/F 


ty, = Time to reach x% of equilibrium concentration 


k = A “constant"-the value of which is determined by the value of x 


For tg9, k = 4.605 
tgs, k = 2,996 
tgo, Kine. 503 


109 


a 


The guinea pig ergometer was calculated to be 4.9 liters and 
ventilated by the toxic gas at 2.5 L/min. 
bop 2 2.996 X 4.9L 
ceo ey min 


tog = 5.87 minutes 


Therefore 95% equilibration of the ergometer occurs in approximately 6 
minutes. The aformentioned theory on concentration-time and equations 


are described thoroughly by MacFarland, 1983. 
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Appendix C 


Calculation of Nominal Exposure 


Concentration of CO 


10 


Nominal Exposure Concentration Calculation for CO 


If a 19,000 ppm CO exposure concentration were desired the required 
rate of CO delivery (L/min) with the balance air is based on total 
ventilation and the concentration (ppm) of the standard CO gas. The 


respective flow rates were calculated as follows: 


Desired CO ppm X Total ventilation = required CO flow (L/min) 
Standard CO gas(ppm) 


Where: 
L/min through L/min exhausted 
Total ventilation = Exposure chamber + through 1 chamber 


Pow wes atc. 00 L/min = .2375 L/min CO 
1 x 106 ppm CO 


Therefore to produce a 19,000 ppm CO exposure approximately .24 L/min of 


CO and a balance of 12.3 L/min of air are required. 
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Surgical Procedure for Fitting 


A Carotid Artery Cannula in the Guinea Pig 


PZ 


wis 


A. Pharmaceuticals 

A guinea pig was prepared for surgery by an intramuscular injection 
of both the dissociative anesthetic Ketamine HC] (100 mg/ml) and muscle 
relaxant Acepromazine Maleate (10 mg/ml) each at a dosage of 0.1 m1/100 
grams body weight. This combination of drugs depressed respiration in 
the guinea pig less than a barbiturate anesthetic would and the animals 
recovered (walked in their cages) within 45 minutes after surgery. 
B. Surgical Procedure 

Once the guinea pig was anesthetized, his neck under the chin and 
back between the shoulder blades were shaved with a fine bladed animal 
clipper. A 25 mm incision was made through the skin over the area of 
the carotid artery parallel to either side of the trachea. A 6 mm 
incision was also made between the shoulder blades. A cannula (250 mm 
long PE 10 intramedic polyethylene tubing) with attached 30 G needle and 
saline filled syringe (1 ml) first threaded a plastic cap (previously 
used to cover the tip of a plastic syringe during packaging) and then 
was passed under the skin from the cut on the guinea pig's back to the 
wean near the carotid. The animal was then placed on his back, each 
limb secured by rubber bands at posts at each corner of a 10" x 7" 
surgery board. As surgery was performed, the head of the guinea pig was 
towards the surgeon. The carotid artery was isolated with forceps, 
dialated with a bath of 10% Xylocaine and looped with 2 pieces of silk 
thread each with a single throw of a knot. A plastic straw was placed 
under the artery to lift and further isolate it. One of the threads 


(that furthest from the head) was lifted, to crimp the artery and stop 
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the flow of blood. A very small hole was made in one wall of the 
artery. The slightly beveled free end of the catheter was held by 
curved forceps and inserted into this hole and carefully advanced 20 mm 
into the artery towards the heart. The We ned Syringe was aspirated 
to determine a free blood flow, then the catheter was flushed. The 
Cannula was then secured in the artery by a drop of Crazy Glue’, The 
way it was positioned could be compared to a straw sealed in the side of 
a garden hose. Blood that was pumped from the heart could either be 
aspirated into the cannulated or flow passed the catheter to feed the 
brain. - The cannula was further held in place by loosely tying the 2 
silk threads, and looped to provide slack in the line. The incision 
over the carotid was closed by several sutures. The plastic cap was 
glued in the 6 mm cut between the guinea pigs shoulders. The cannula 
was crimped temporarily so that the needle and syringe could be removed 
without blood coming through the cannula. Then the end was plugged with 
hematocrit sealing clay. The excess length of cannula exiting from the 
guinea pig's back was then uncrimped, coiled and protected with tape so 
it could not be easily chewed. 
C. Blood Sampling During Exposure to CO 

When the guinea pig was prepared the following day for an exposure 
and coincident blood sampling, the cannula was uncoiled, passed through 
a septum in the chamber, its clay seal snipped, and a saline-filled 
syringe and needle were attached. A small volume of saline (.2 m1) was 
injected into the catheter to clear the line then aspirated again to 
access blood flow, and then reflushed. Heparin (10,000 units/m1) coated 
tuberculin plastic syringes were used to sample blood from the guinea 


pigs at S-incapacitation during carbon monoxide exposures. At the time 
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of actual sampling, blood was aspirated with a saline filled syringe to 
see significant contamination of the saline, then a heparinized syringe 
was attached and 1 ml of blood was withdrawn. The time (min) required 
to take the blood was recorded. The volume was replaced by 1 ml of 
Saline. The sample was capped and rolled between the hands to insure 


adequate mixing of the blood and anticoagulant. 


Appendix E 


In the Guinea Pig 
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A. Method Source 

The procedure to be described is a modification of the method for 
analysis of %COHb in human blood at the Allegheny County Department of 
Laboratories. Technical advice was provided by Mr. Frank Esposito who 
is not only employed by this Macrae but is also a fellow doctoral 


Student in Toxicology. 


B. Basic Principle 
Whole blood is hemolyzed with ammonium hydroxide. Hydrosulfite is 
added to convert OjHb and MetHb to Hb but has no effect on COHb. The 


absorbance of COHb pigment is measured spectrophotometrically at 539, 
p539erand 7539 0a 


554 579 
corresponding % COHb is determined from a standard curve. 


554, and 579 nm. The calculated ratios of 


C. Reagents Required for Analysis 
1. 0.1 M NHgOH 


2. Saturated sodium borate solution 


3. Sodium hydrosulfite 


D. Blood Analysis 


1. 0.2 m1 of whole blood was placed in a small test tube 

2. 0.5 ml .1 M NHqOH was added to tube and mixed well 

3. Wait for 5 min. 

4. The is ah 4 hematocrit tubes were filled with sodium 
hyposulfite, added to the test tube sample of blood, and mixed 


well. 
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5. The tubes were covered and centrifuged at a medium speed for 5 
min. 

6. A Perkin-Elmer (Lamda 4B) uv/vis spectrophotometer was used to 
measure absorbence against a blank at 539, 554 and 579 nm. The 


instrument was operated with the following settings: 


min/max OIE 5 48 PK 
wavelength 400-600 nm 


scan 120 
Siu 1 
response 3 


E. Determination of Absorbences Used Specifically for Guinea Pig Blood 


Spectrophotometric methods for the measurement of COHb in human 
’ blood have used the wavelengths of approximately 540, 555 and 579 nm 
(Tietz and Fiereck, 1973). When the 0% COHb guinea pig blood was 
scanned from 400 to 600 nm the absorbence peaked at 554 nm, two peak 
absorbences occurred at 569 and 539 nm while scanning 100% COHb prepared 
blood. The absorbence at 579 nm was simply adopted aritrarily as a 


reference value, 


F. Calibration Curves for COHb 

Five guinea pigs were anesthesized and blood was taken from their 
inferior vena cava to collect a total of 30 ml. This volume was mixed 
well, 15 ml remained untreated (0% COHb) and 15 ml was placed in a 60 ml 
plastic syringe and capped. Carbon monoxide gas from a 10% tank was 


introduced into the syringe, the syringe capped, twirled for 5 minutes 


then the CO was released. This procedure was repeated approximately 5 
times, the purpose of which was to fully saturate this 15 ml aliquot of 
blood with CO (100% COHb). Different proportions of each of these 
bloods were mixed to prepare six different standard tubes of blood with 
theoretically known values of COHb. These were prepared as shown in 
Table E-l. Each of these standards were analyzed by the procedure 
previously described. Two calibration curves (Figure E-l) were 
generated, the nominal %COHb in each standard was plotted against the 
absorbance values at oF and 25 . When a blood sample was analyzed 


*COHD was read from each curve, the two values were then averaged. 
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TABLE E-1 


Carboxyhemoglobin standards for 
the analysis of guinea pig blood 


Standard No. Nominal % COHb 100% COHb (m1) 0% COHb (m1) 
. Prepared blood Blood 
(m1) (m1) 
l 100 2.0 0.0 
2 80 1.6 0.4 
3 60 Le 0.8 
4 40 0.8 Lez 
5 20 0.4 1.6 


Figure E-1 


ea 


CALIBRATION CURVE FOR % COHb (#1) 


0 2 40 60 8 10 
% COHD 


CALIBRATION CURVE FOR % COHb (#2) 


Calibration curves for %COHb for the guinea pig. Standard 
blood samples with known %COHb are plotted against the 
ratio of absorbance values at 539/554 and 539/570. 
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Performance Evaluation under Intoxicating Atmospheres 


DOLORES E. MALEK, MARYANNE F. STOCK, AND YVES ALARIE 


The Toxicology Laboratory, Department of Industrial Environmental Health Sciences, Graduate School of Public 
Health, University of Pittsburgh, Pittsburgh, Pennsylvania 15261 


Performance Evaluation under Intoxicating Atmospheres. MALEK, D. E., STOCK, M. F., AND 
ALARIE, Y. (1987). Fundam. Appl. Pharmacol. 8, 335-345. A new behavioral model has been 
developed and used to assess the performance of mice during exposure to carbon monoxide, 
hydrogen chlonde, or subambient levels of oxygen. The apparatus is a ventilated | 50-ft series 
of glass tubes forming an S-shaped exposure system. Performance evaluation was obtained for 
two sublethal responses: (1) distance traveled/time and (2) incapacitation. Performance of nor- 
mal mice (Type I) or mice previously fitted with a tracheal cannula (Type II) was very reproduc- 
ible and similar. Concentration-response relationships were obtained showing the deterioration 
of performance with exposures to CO from 2500 ppm, HC] from 1095 ppm, and below 8.8% 
ambient O, level. This model is likely to be sensitive to other asphyxiants and irtants. It in- 
cludes both distance traveled and time of performance prior to incapacitation. Both are critical 
parameters to be included in escape hazard analysis in fire situations and possibly in other acci- 
dents involving chemical spills. © 1987 Society of Toxicology. 


During confined space fires, a number of fac- 
tors such as thermal stress, a reduction in visi- 
bility, the development of fear, and the toxic 
effects of gases and aerosols can interfere with 
escape and survival of humans. 

The need to characterize the toxicity of 
thermal decomposition products has fostered 
the development of animal tests to assess the 
relative toxicity of smoke from different ma- 
terials during thermal degradation. Current 
combustion toxicity tests, notably those at 
the National Bureau of Standards (Levin et 
al., 1982) and the University of Pittsburgh 
(Alarie and Anderson, 1981), are largely 
based on a lethality endpoint; however, sub- 
lethal effects, and time to reach a given effect, 
have also been studied (Hartung er al., 1977; 
Hilado and Cumming, 1977; Packman et ai., 
1978; Kishitani and Nakamura, 1979; 
Kaplan et a/., 1985). 

Sublethal effects for the most part have 
been investigated by various animal behav- 
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ioral methodologies. Upon exposure to toxi- 
Cants an animal’s capability to perform a pre- 
viously acquired task is examined. These 
tasks include the hind foot flexion reflex 
(Packham et a/., 1978), balancing on a rotat- 
ing rod to avoid presentation of electric shock 
(Hartung et a/., 1977), collapsing in a rotating 
cage (Kishitani and Nakamura, 1979), and 
most recently, escaping by an appropnate le- 
ver press (Kaplan et a/., 1985). The term “‘in- 
capacitation” has been commonly adopted to 
describe the inability, as defined by the crite- 
rion of a test method, to perform a designated 
task or perform it in a specified period of 
time. The intended utility of sublethal end- 
points is to assess the escape potential of ani- 
mals exposed to fire gases and use this data to 
predict human response. 

The two major categories of toxicants in- 
volved in impairing escape are the asphyxi- 
ants such as carbon monoxide, hydrogen cya- 
nide, and reduced oxygen levels, and the im- 
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Fic. 1. 150-ft mouse track exposure system. Made from a series of 4-ft sections of straight and 3-ft 
sections of curved Pyrex glass tubes. Sections were joined together by clamps at their ball joint connections. 
Y-tube added for entry, sampling, and exit port as shown. The pollutants CO or HC] were metered for 
mixing with room air as shown. Nitrogen was also similarly metered to reduce O, concentration. 


tants, such as hydrogen chloride and acrolein 
(Alarie and Anderson, 1979). The behavioral 
models used in combustion toxicity studies, 
for the most part, are sensitive to the asphyxi- 
ant carbon monoxide but show a lack of sen- 
sitivity for the irntants. Animals exposed to 
irritants are often very close to death at inca- 
pacitation, if incapacitation even occurs by 
the definition of a particular model (Levin ef 
al., 1982; Kaplan et al., 1985). A model de- 
pendent on respiratory pattern analysis (Mat- 
ijak-Schaper and Alarie, 1982; Alarie and 
Anderson, 1979; ASTM, 1984) was found to 
be sensitive to both asphyxiants and irritants, 
but it is a nonbehavioral model. To assess es- 
cape potential from a toxic environment 
more confidently, a model should test overall 
performance. A _ behavioral performance 
model has been introduced by Wood (1979) 
and Tepper et a/. (1985) which appears to be 
sensitive to irmtants and with modifications 
could also be sensitive to asphyxiants. 

The objective of this paper is to introduce a 
new behavioral animal model, featured with 


two escape predictive responses: (1) distance 
traveled/time, and (2) incapacitation. 


METHODS 


Animals. All animals utilized in this study were out- 
bred specific pathogen-free male Swiss Webster mice 
ranging in body weight from 15.5 to 17.5 g and were pur- 
chased from Hilltop Labs, Inc., Scottdale, Pennsylvania. 
They were fed Purina Mouse Chow and tap water ad /ibi- 
tum. The mouse was chosen because the performance of 
this species is likely to be related to changes in respiratory 
pattern and rate, among other variables, as previously re- 
ported during exposure {o fire gases (Alarie and Ander- 
son, 1979; Matijak-Schaper and Alarie, 1982). In addi- 
tion to their ease of husbandry and low cost, mice are 
notably curious and will run without provocation as de- 
scribed below. 

The performance of 8 mice was evaluated at each gas 
exposure concentration and that of 20 mice of each of 
the two major categories of mice was evaluated during 
exposure to air (control). The categories of mice were of 
two types: 


Type I: Each of these mice was weighed, placed into 
the exposure system, and exposed to a single concentra- 
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tion of toxic gas without any form of pretreatment. These 
animals were also referred to as “‘noncannulated” mice. 

Type II: Prior to hydrogen chloride exposures these 
mice were anesthetized and fixed with tracheal cannulas 
according to the protocol outlined by Matijak-Schaper 
and Alane (1982). This procedure eliminated absorption 
of hydrogen chloride by the nasal mucosa and facilitated 
the introduction of gas directly into the lower respiratory 
tract. These animals were referred to as “cannulated 
mice.” Within an hour postanesthesia to introduce the 
tracheal cannula, the animals were active and moved 
freeiy about their cage. This observation although some- 
what subjective was the criterion we used to begin the 
training of the mouse for subsequent exposure. 


Mouse-tract exposure apparatus. A simple model was 
designed to estimate behavioral performance and it con- 
sisted of a 1 50-ft series of 4-ft sections of straight and 3-ft 
sections of curved Pyrex glass tubes and Y-shaped tubes 
joined together by clamps at their ball joint connections 
(Fig. 1). A 150-ft track was chosen arbitrarily as during 
the development of this model mice were observed to run 
at a fairly constant rate to distances greater than 300-ft. 

The inside diameter of the tubes was 2.5 cm, large 
enough to accommodate and allow an unrestricted for- 
ward passage of a mouse and small enough to prevent the 
mouse from turning around and moving in the opposite 
direction. Colored strips of tape on the glass demarcated 
each foot of the system. The track was an elongated S- 
shaped curve formed by the two bends of tubing at the 
50- and 100-ft marks, respectively. There were three Y 
tubes in the track and were located at the zero, 76-, and 
150-ft marks. The one at foot zero was used for the intro- 
duction of the animal into the system, the 76-ft Y-tube 
served as the port for sampling exposure gas for chemical 
analysis, and that at {50 ft was used to remove animals 
following exposure as weil as for sampling exposure gases 
for analysis. 

A 1.4liter glass mixing chamber was located at the 
front of the track and was used to produce a desired expo- 
sure concentration of gas by combining appropriate pro- 
portions of the gas to be tested and air. When the track 
system was in operation a total flow of 20 liters/min was 
passed through the mixing chamber. Each minute |0 li- 
ters of gas was immediately exhausted to a ventilation 
duct, and another 10 liters of gas was pulled through the 
track (at a speed of 72 ft/min) by a rotary vane pump 
located beyond the 150-ft mark. These flows were regu- 
lated by valves and monitored by flow meters. 

The forward progression of the test mouse in the | 50- 
ft system was monitored by a computer which acted pri- 
marily as a time base. Throughout the exposures each 
distance of | ft made by the animal was registered relative 
to time by a depression of a hand-held event marker. 
When the exposure was terminated the cumulative feet 
traveled by the mouse were calculated for every |0-sec 
exposure time. 


Animal training and exposure. Each mouse, whether it 
was a “test” animal exposed to a toxic gas or a “control” 
animal exposed to air only, was introduced into the tract 
for three separate runs. When first introduced it would 
spontaneously move forward into the tube and travel to- 
ward the end. The distance traveled by the mouse relative 
to time was measured during each trial through the track. 

The first trials of the animals were somewhat erratic, 
with the animal moving forward, stopping, moving back- 
ward, and moving forward again. After a rest period of 
5 min the animal was reintroduced into the tube, and 
movement forward was much less erratic. Again the ani- 
mail was permitted to rest and was then reintroduced into 
the tube for a third time. On this third trial forward 
movement was very good and travel speed was measured 
once again. The results of this third trial were used as 
control performance. Control! data were collected for 
both Type I and Type II mice. 

To investigate the effect of toxic gases on travel perfor- 
mance the animal, as in the control groups, was permit- 
ted to travel through the tube with only the flow of air for 
two trials. If the time to reach | 50 ft on their second trial 
in air was within the mean and one standard deviation of 
the controi group, the animal was used. Twenty percent 
of the animals were rejected. If the animal met this crite- 
rion, the animal was allowed to rest and the gas of interest 
was pulled through the track for approximately |0 min. 
When the gas was of the desired concentration the ani- 
mal was introduced into the track for a third time and 
exposed. Its speed was monitored. The exposure time 
was defined by one of two events: when the mouse either 
reached 150 ft or became incapacitated. Incapacitation 
by this model occurred when a mouse slowed its stnde 
or stopped and failed to progress more than 3 ft in 3 min 
time. 

Analysis of exposure concentration. The gases utilized 
in this study included the asphyxiants nitrogen and car- 
bon monoxide and the irntant hydrogen chlonde. Ele- 
vated nitrogen-low oxygen environments were produced 


by using compressed nitrogen (Matheson). The exposure. 


concentrations were monitored continuously by a Beck- 
man oxygen analyzer and ranged from 15.3 to 7.4% O2. 
Carbon monoxide was measured continuously with a 
Miran infrared analyzer. The carbon monoxide exposure 
concentrations in this study ranged from 2500 to 7200 
ppm. Hydrogen chloride exposures ranged from 950 to 
2150 ppm. This gas was sampied at 0.3 liters/min 
through two midget impingers containing 0.1 N NaOH. 
Normally two 2-min samples were taken at 2 and 5 min 
into the exposure as the mouse moved through the track. 
The samples were then analyzed by the Osterndischen- 
Stickstofferwerke method as described in Leithe (1971). 

In the development of the exposure system, analytical 
measurements were taken at various points along the 
track and were found to be consistent; consequently, the 
76-ft port was adopted for routine gas sampling. 
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Evaluation of performance. The following measure- 
ments were taken when applicable during each mouse 
exposure either to air only or to a toxic gas. 

(a) Distance traveled (feet)/time (seconds) 

(b) Occurrence of incapacitation 

(c) Total distance traveled (feet) 

(i) 150 ft, or 
(ii) distance before incapacitation 
(d) Time to reach distance traveled (seconds) 
(i) time to 150 feet, or 
(ii) time to incapacitation 

After eight animals were successfully exposed to the 
same concentration of gas or control groups (Type I and 
Type II) of 20 mice each were exposed to air, the follow- 
ing calculations and relationships were made where ap- 
propriate. 

(a) Median distance traveled (feet)/time (seconds) 

(b) Mean total distance + SD traveled (feet) 

(c) Mean time + SD to 150 ft (minutes) 

(d) Percentage mice that traveled a distance less than 
100 ft 

Finally where appropriate these responses were related 
to exposure concentration and analyzed using linear 
least-squares regression analysis described by Armitage 
(1971). : 


RESULTS 
Control Air Exposures 


The means + SD times to travel the 1 50-ft 
track for Type I and Type II control animals 
were 5.0 + 1.3 and 5.8 + 2.3 min, respec- 
tively. No statistical difference was found be- 
tween the mean times of these mice where 
groups of 20 animals each were compared. 


Traveled Distance/Time 


Figure 2 represents the distance traveled/ 
time data that can be generated in the model 


described above. Each point represents the 
median distance (feet) traveled in time (sec- 
onds) by 20 Type I or Type II control mice or 
groups of 8 mice exposed to various concen- 
tration of carbon monoxide, low O;, or HCI. 
Each mouse of a particular exposure group 
was exposed, one at a time, as it moved 
through the track system and the median dis- 
tance traveled was calculated. The median 
distance/time curves in Fig. 2 are based on 
eight animals until a mouse terminates its ex- 
posure either by becoming incapacitated or 
by traveling the entire 150-ft track. There- 
fore, as the curves were plotted the number of 
animals used to calculate the median distance 
traveled/time decreases. The last point on 
each curve represents the time when the last 
animal of a defined exposure group ended its 
toxic exposure. Although the mice associated 
with these times were no longer being ex- 
posed after being incapacitated, their individ- 
ual total distance traveled value was included 
in all subsequent calculations of median dis- 
tance traveled/time. 


Total Distance Traveled 


From the data presented in Fig. 2, the total 
distance traveled at each exposure concentra- 
tion can be obtained and plotted as shown in 
Fig. 3. The mean distance traveled decreased 
as the concentrations changed. 


Mean Minutes to Incapacitation 


Of those animals in specific exposure 
groups that were incapacitated, the mean 
time to incapacitation vs the exposure con- 
centration was calculated and the results are 
presented in Fig. 4. Similar to distance trav- 


FiG. 2. Distance traveied/time relationships in contro! animals (Type [ and Type II) and during exposure 
to (a) CO, (b) low O2, or (c) HCl. Each point represents the median distance traveled under each condition, 
using 20 animals for Type I and Type [I controls and 8 animals at each concentration for CO, low O,, 


and HCl. 
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FiG. 3. Mean distance traveled + SD pnor to incapaci- 
tauon by groups of mice (m = 8) during exposure to (a) 
CO, (b) low O2, and (c) HCl. Curves fitted by linear least- 
squares analysis, slope significantly different from zero 
for all cases, and r? higher than 0.91 for all cases. 
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eled the mean time to incapacitation changed 
with exposure concentration. However, with 
HCl no concentration-response relationship 
was found. At all concentrations of HCl 
tested, all mice were incapacitated at about 
the same time (4.4 min). Also, three animals 
at the highest concentration died within | 
min of incapacitation. 


Percentage Failing to Travel 100 ft 


A concentration-response relationship 
may be observed as shown in Fig. 5 where the 
percentage of animals of an exposure group 
that traveled the track less than 100 ft is plot- 
ted against exposure concentration. 


DISCUSSION 


Compared to other behavioral animal 
models designed to evaluate performance ca- 
pability during exposure to components of 
fire smoke, the mouse track model described 
appears to be unique with respect to the na- 
ture and potential application of its sublethal 
responses. 

Concentration-response relationships have 
been developed in various models by use of 
an incapacitation endpoint. In such modes 
animals either perform a task at a defined 
level or they are considered incapacitated. At- 
tempts have been made to observe and quan- 
titate behavioral changes that occur prior to 
incapacitation that demonstrate levels of 
compromised performance. These include 
scored parameters in rats such as “lag and 
turn” in the activity/tumble cage model 
(Boettner et a/., 1978), avoidance failures and 
time to avoidance deficits (TAD) in the rat 
pole-climb conditioned avoidance/escape 
test (Dilley et a/., 1979), and various response 
parameters such as time to first response or 
first correct response, number of correct or 
incorrect responses, and “avoidance” in the 
baboon model of Kaplan er a/. (1985). Avoid- 
ance failures for example are thought to re- 
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flect disonentation, sensory deficits, and/or 
motor impairment. None of these however 
provide a minute by minute profile of animal 
performance upon exposure to a toxicant as 
does the mouse track model. The model! pro- 
posed by Tepper et a/. (1985) is amenable to 
this profile and revolution/minute could be 
converted to distance traveled. 

The distance traveled/time parameter is a 
sublethal response and most relevant to an es- 
cape process. Unlike other models such as the 
foot flexion model (Packham et a/., 1978), the 
rotored model (Hartung er a/., 1977), and the 
greased pole model (Dilley et a/., 1979) where 
failure to perform a conditioned task (inca- 
pacitation) can only be indirectly related to 
the inability to escape, the distance traveled/ 
time sublethal response is a response of inter- 
est when examining performance. 

Concentration-dependent-—distance trav- 
eled/time curves have been developed for the 
evaluation of performance under intoxicat- 
ing levels of carbon monoxide, reduced oxy- 
gen, and hydrogen chloride. These: curves 
demonstrate how quickly these asphyxiating 
and irmitating conditions impair perfor- 
mance. For each toxicant, the initial speed of 
the exposed animals is nearly the same as the 
speed of the controls; however, it soon de- 
clined as the exposure proceeded. A graded 
response was observed until a concentration- 
dependent-distance traveled/time plateau 
was reached. We can use these curves to de- 
termine the maximum permissible exposure 
concentration to move a required distance in 
a designated period of time. In the case of CO 
if moving 100 ft in approximately 3.5 min 
(210 sec) were required, the maximum per- 
missible exposure concentration would be 
3800 ppm. Given the same distance and time 
for reduced oxygen or HCl, the maximum 
permissible concentrations are 1 5.3% and the 
range 1251-1450 ppm, respectively. 

Aside from these performance curves addi- 
tional approaches have been developed with 
the data generated in this model to evaluate 
the escape-impainng capacity of toxicants 
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Fic. 4. Mean minutes + SD to incapacitation of mice 
during (a) CO or (b) low OQ. The mean is given for those 
incapacitated at each concentration and varied from 2 
= 3 to n = 8 from low to high CO and 7 =4 ton = 8 
from high to low O,. 


effectively. These include (1) the mean dis- 
tance traveled, (2) the percentage that failed 
to travel a specified distance, and (3) the 
mean time to incapacitation. 

The utility of the concentration/mean dis- 
tance traveled relationship is as follows. If a 
mean distance traveled of 100 ft were selected 
from each of these curves, a corresponding 
concentration of toxicant responsible for this 
incapacitation can be determined. These 
concentrations are approximately 4500 ppm, 
9.7%, and 1800 ppm for CO, reduced O;, and 
HCl, respectively. 

Another approach to compare the perfor- 
mance-impaining capacity of toxicants is to 
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Fic. 5. Concentration-response relationship showing 
the percentage of animals traveling less than 100 ft dur- 
ing exposure to (a) CO, (b) low O2, and (c) HCl. 


again choose a particular distance and deter- 
mine the percentage of those of an exposure 
group that was incapacitated before this dis- 
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tance, as we did by selecting 100 ft. From 
these curves the concentrations, for example, 
that incapacitated 50% of an exposure group 
before 100 ft (or any other distance) could be 
compared. 

Time is a critical factor in the escape pro- 
cess. We have quantitized not only distance 
traveled in time but also, as a third approach 
to performance evaluation, minutes to inca- 
pacitation. To review the definition of inca- 
pacitation in this model, it is the event when 
an exposed animal stops or progresses less 
than 3 ft in 3 min time. It is a definitive, non- 
subjective endpoint directly related to escape. 
For the asphyxiants CO and reduced %O,, in- 
capacitation not only occurred but the time 
to incapacitation was concentration depen- 
dent. These findings are consistent with the 
data obtained in other models (Kishitani and 
Nakamura, 1979; Matijak-Schaper and Ala- 
rie, 1982; Kaplan er al/., 1985). For CO the 
CT (exposure concentration, C, times time to 
incapacitation, 7) calculated from our data 
is fairly constant (17,100-25,200 ppm-min) 
but somewhat lower than that reported in 
other test systems including human studies 
where the average CT is about 35,000 ppm- 
min (Steward et al/., 1973; Hartung er al., 
1977; Kaplan et al., 1985). This is to be ex- 
pected since CO uptake in mice is faster than 
in larger animals and humans (Haldane, 
1895). 

In the mouse track model no incapacita- 
tion was observed in animals exposed to 
oxygen levels above 10.2%. This is not sur- 
prising due to the nature of the oxygen dis- 
sociation curve. Minimal alteration in oxy- 
hemoglobin saturation occurs since artenal 
PO, reduction resulting from reduced oxy- 
gen exposures rests within the plateau re- 
gion of the sigmoid curve (West, 1979). Be- 
low 8.0% the oxygen dissociation curve is 
steep. Thus, incapacitation occurred in 
nearly all animals exposed to oxygen below 
8.8%. Incapacitation was very rapid (2 min) 
at 7.4% O,. Death occurred almost immedi- 
ately after incapacitation (30 sec) at con- 
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centrations below 7.4%. This effect was 
more rapid than evidence of asphyxiation 
in the Matijak-Schaper and Alarie model 
(1982) or collapse in the Kishatani and Na- 
kamura model (1979), where mice were 
also used. Thus, the mouse track system is 
a more sensitive model for subambient O, 
probably because of the exercise involved as 
compared to sedentary mice in the two 
other models. 

In HCl-exposed mice, incapacitation oc- 
curred in a concentration-dependent fashion 
and at the highest exposure range three ani- 
mals died within a minute of incapacitation. 
This was not observed at any other exposure 
concentration but the monitoring of postin- 
capacitation lethality during continued expo- 
sure was not pursued in this study. The close 
proximity of the occurrence of incapacitation 


to the occurrence of death upon exposure to - 


irritants with respect to concentration and 
time is a common disadvantage among cur- 
rent escape models (Levin ef ai., 1982). 

In order to investigate the effect of HCI, 
we adopted the use of tracheal cannulated 
mice. The protective high-scrubbing effi- 
ciency of the mouse nose for this water solu- 
ble and reactive gas has been demonstrated 
in previous studies (Anderson and Alane, 
1980). The time required for surgery is the 
only limitation of the cannulation proce- 
dure. Although there is a concern about the 
adverse effects of anesthesia and surgery, 
these animals (Type II) were not signifi- 
cantly handicapped compared to normal 
(Type I) mice. An important advantage of 
the cannulated mice is that they stimu- 
late human breathing conditions dunng a 
fire. Toxicants which would be effectively 
scrubbed by the nasal mucosa in mice are 
deposited more directly into the lower res- 
piratory tract. A most significant finding in 
our study of HCl with cannulated mice is 
that they are rapidly incapacitated and near 
death upon exposure to 1000-2000 ppm 
HCl, a range reported to be ‘“‘dangerous for 
even short exposure”’ for humans (Hender- 


son and Haggard, 1927). Flury and Zernik 
(1931) summanzed the work of several in- 
vestigators on the effect of HCl on a variety 
of laboratory animals and humans. They 
are in agreement with the statement of Hen- 
derson and Haggard and stated that accus- 
tomed human subjects can tolerate 670- 
1250 ppm for several minutes; however, 
swelling and closure of the vocal cords pro- 
hibit longer tolerance because of suffoca- 
tion. In the review of the literature on HCl 
for the National Academy of Sciences 
(1976) the committee also proposed that 
1000-1300 ppm would be dangerous for 
humans for a period of exposure of 30-60 
min, while 1300-2000 ppm would be lethal 
within a few minutes. It is likely that our 
cannulated mice were incapacitated by 
bronchospasm induced by irmtating HCl. 
Since the cannula was placed below the lar- 
ynx no laryngeal spasm could have been in- 
duced. Recently Kaplan er al. (1985) devel- 
oped a baboon escape model at concentra- 
tions of HCl from 196 to 17,290 ppm. By 
definition of their model, regardless of the 
concentration and severity of clinical obser- 
vations which included agitation, frothing 
at the mouth, gagging, coughing, and dys- 
pnea, all animals escaped and, therefore, 
were not incapacitated until the very high 
concentrations. Their escape, however, was 
a simple task. These investigators opposed 
the recommendations of Henderson and 
Haggard (1927) and feel that “‘dangerous”’ 
does not indicate incapacitation. By the de- 
sign of their model, regardless of their fail- 
ure to be incapacitated it is clear that these 
baboons were seriously injured and com- 
promised. More recent studies by Kaplan et 
al. (1986) using pulmonary function tests 
and lower concentrations of HC] may pro- 
vide better answers to the incapacitating na- 
ture of this gas in baboons. 

In order to predict escape capability of hu- 
mans from the performance data of mice gen- 
erated in our model, it is necessary to under- 
stand the relative energy costs required of 
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these species to travel similar distances. A dis- 
tance traveled of | ft is a significant expendi- 
ture of energy (in terms of oxygen consump- 
tion) and is an accomplishment for a mouse 
and is not the same for a human. Taylor et al. 
(1970) has demonstrated a linear relationship 
between oxygen consumption (mi O, kg"! 
hr~') and running speed (km hr) for several 
species of animals. Since the cost of running, 
expressed in oxygen per kilogram per kilome- 
ter (slope) for each animal is independent of 
the speed at which it runs, speed as a variable 
can be eliminated in the calculation of cost. 
Therefore cost of running can be directly 
related to body mass. The work of Tay- 
lor (1970) and more recently the work of 
Schmidt-Nielsen (1984) have shown an in- 
verse linear relationship between cost and 
body size among various birds, reptiles, and 
mammals including humans. Cost can be cal- 
culated from the equation 


Cost = aM?, 


where M, is body mass in kilograms, 6 is the 
exronent (slope), and a is the intercept at 
unity. If one were to use the mean exponent 
of —0.32 reported by Schmidt-Nielsen (1984) 
and 8.46 as the intercept arbitrarily taken 
from Taylor (1970), the cost of a 0.017-kg 
mouse is greater than 10 that of a 70-kg hu- 
man traveling the same distance. In effect the 
larger the animal the more efficient he is. Fur- 
thermore, a mouse is a very sensitive animal 
model for inhalation toxicity studies due to 
its high minute ventilation. Thus, conserva- 

tive estimates of toxic limitations for human 
~ exposures could be arrived at using the ap- 
proaches described. The most useful addition 
of the model is the capability of assessing 
a deterioration in performance over a very 
short period of time, instead of relying on 
an all or nothing incapacitation response, 
and to be able to measure it within a relative 
short time period relevant to fire escape 
situations. 
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